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Abstract 
The aim of this PhD thesis is to report results obtained from an investigation into free 
carrier lifetime modification in silicon rib waveguides using silicon ion irradiation. It 
was postulated before the investigation began that by irradiating silicon waveguides 
with silicon ions, damage would be incorporated into the waveguide, both affecting 
the free carrier lifetime and propagation loss in the device. Consequently a trade-off 
would have to be found between these two effects in order to produce a lifetime/loss 
regime which would satisfy the requirements for Raman gain. 
Two investigations were carried out to investigate the effects of varying ion energy 
and dose with respect to lifetime change and excess loss introduced into the 
waveguide. The first investigation covered a broad range of energies and doses; the 
second investigation was used to focus on areas which may yield the best results in 
terms of low carrier lifetime and low excess loss. 
This research has shown that the free carrier lifetime of silicon can be drastically 
reduced by silicon ion irradiation. Free carrier lifetimes as low as 60ps have been 
reported, a reduction of roughly two orders of magnitude as compared to the lifetime 
in an un-implanted rib waveguide. 
The investigation into silicon ion irradiation showed trends suggesting that whilst 
excess loss was energy and dose dependant, the free carrier lifetimes were only dose 
dependant. By reducing the implantation energy and increasing the dose of irradiated 
silicon ions, lifetime reduction in the range of ~85% could be achieved whilst 
maintaining losses at an order of magnitude lower than those associated with higher 
energy, lower dose, silicon irradiation schemes. These experimental values, when 
modelled with a low loss waveguide, produce a predicted net Raman gain of ~2.2dB 
in a 4.8cm length device. 
An annealing study was performed on a sample which initially had a high excess loss 
due to a high lxl0 13cm-2 dose of silicon ions at a relatively high energy of750 keY. 
Initially this chip exhibited a lifetime of ~60ps for an excess loss greater than 
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80dB/cm. After thermal treatment this chip displayed characteristics of chips with low 
energy high dose silicon irradiation, resulting in negligible excess loss and a low free 
carrier lifetime. 
During this annealing study it was found that the un-implanted free carrier lifetime 
continually varied with annealing temperature. After investigation it was found that 
the low temperature oxide was the cause. 
The low temperature TEaS deposited oxide had a high hydrogen concentration due to 
the deposition technique using tetraethoxysilane. The hydrogen caused a lifetime 
reduction as it diffused to the silicon interface during annealing. At high anneal 
temperatures this hydrogen annealed out of the oxide increasing film quality and 
increasing lifetime. 
This discovery may be useful, as it suggests that for devices that are lifetime 
dependant and are to be thermally treated; low temperature oxide should be avoided, 
and replaced with thermally grown oxide. 
Overall this research has shown that the free carrIer lifetime can be drastically 
reduced by silicon ion irradiation, in some cases by as much as two orders of 
magnitude using high energy and dose. However to achieve a good trade-off between 
free carrier lifetime and excess loss, with respect to Raman gain, shallow high dose 
implant regimes yield the best results. Thermal treatment of high energy and dose 
samples show that the lifetime and loss characteristics can be tuned to produce a good 
trade-off between lifetime and excess loss. 
Key Words: Silicon Photonics, Silicon-on-insulator (Sal), free carrIer lifetime, 
Raman amplification, rib waveguide. 
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"Today, optics is a niche technology. Tomorrow, it's the mainstream of every chip 
that we build. 11 
Patrick Gelsinger, Sr. Vice President Intel 
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1. Introduction 
The field of photonics has progressed dramatically since the term was coined in 1967 
to describe a field whose research goal was to use light to perform functions which at 
that time fell within the electronics domain, such as telecommunications [1]. 
Photonics as a research topic began in 1960 with the invention of the Ruby laser by 
Theodore Maiman, followed by the laser diode in 1962 by Robert Hall. In the 1970's 
research into optical fibre devices and in particular the Erbium doped fibre amplifier 
as a means of transmitting information using lasers formed the basis of the photonics 
revolution in the late 20th century. 
Photonics has mainly been telecoms based, however due to limitations in electronic 
interconnects such as copper (bandwidth limited to 20Gb/s) and spiralling costs of 
optical fibre components, there has been an emerging field of integrated photonics. 
One of the aims of integrated photonics is to fabricate and integrate several optical 
components onto a common substrate. Integration in this form not only increases 
performance but also reduces cost due to established fabrication techniques associated 
with CMOS being used. This is particularly the case for silicon photonics. 
Integration of these photonic components with electronics is also desirable, and can 
take several routes. One possible route is to use 3D integration utilising "copper nail" 
technology. This is where the photonics chip and electronics chip are fabricated on 
separate wafers and then stacked one on top of the other, connected between them 
using metallised vias or "copper nails". This technique has size advantages as well as 
performance advantages, due to short interconnects between chips increasing speeds 
and reducing power consumption. 
Another route for electronic-photonic integration is flip-chip technology. This bonds 
two wafer dies together using metal bumps. The main challenge with this technology 
is the strict alignment tolerance «l~m), coupled with slowness of process. This 
causes a low integration density and high fabrication costs. 
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Photonic integration is of particular interest to the defence industry because, unlike 
traditional electronics, photonics is immune to electro magnetic interference, which is, 
for example, a by product of an atomic reaction. 
Silicon photonics has the advantage of low cost material due to its abundance and 
being able to use well established electronics industry fabrication techniques. Many 
advances have been made in the field of silicon photonics recently including a 
cascaded Raman laser [2], hybrid silicon laser [3], a 30GHz optical modulator [4] and 
a 42GHz Germanium on silicon photo-detector [5]. 
The one major stumbling block with silicon photonic integration is the difficulty in 
producing electrically pumped light sources in silicon. There have been successful 
attempts of integrating lll-V devices onto silicon substrates [3, 6-10] however these 
devices are not completely CMOS compatible and have temperature issues. The holy 
grail is to produce an all silicon amplifier and laser which is cost effective, available 
to be fabricated using existing CMOS technology and can be integrated on a silicon 
substrate. 
Optically pumped Raman amplifiers have been a necessity III long haul 
telecommunications for many years. Equally on-chip amplification in a photonic 
circuit requires amplification to compensate for waveguide and device losses. 
The most successful silicon Raman amplifier/laser to date uses a reverse bias to sweep 
the two photon absorption generated free carriers away from the modal region in the 
device. This device requires complex fabrication steps and it has been suggested that 
at high reverse bias voltages, carrier screening will occur negating the reverse bias 
effect [11]. 
A passive Raman amplifier utilising st ion implantation to lower carrier lifetime is a 
much simpler technique requiring less fabrication steps. This device uses ion induced 
damage rather than a reverse bias to facilitate carrier recombination, and thus is 
immune to carrier screening [11]. A defect engineered Raman amplifier utilising 
helium as the implanted ion has already been reported [12]. However only a modest 
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net gain of O.065dB was recorded. This, coupled with the fact that helium is not used 
in CMOS processing, validates the use of silicon ion implantation in this research. 
Silicon ion implantation is used in CMOS processing in the formation of shallow 
amorphous layers. 
In order to make integrated photonics an ideal technology, a silicon amplifier and 
light source are required. The author believes that silicon ion implantation is a viable 
technique to producing a silicon amplifier. If the efficiency of this process can be 
increased further, then there is also the possibility of improving Raman lasers in 
silicon. 
The thesis outline is organised as follows:-
1.1 Thesis outline 
• Chapter 2 Literature review. This provides an overview of silicon photonics 
and lasing in silicon before providing a comprehensive review of silicon 
Raman amplifiers, lasers and defect engineering with respect to lifetime 
modification and Raman amplification. 
• Chapter 3 Background. This provides the background of optical amplifiers, 
optical absorption, recombination and Raman scattering. The chapter then 
discusses Ion implantation, defect engineering and Silicon etching and 
oxidation. 
• Chapter 4 Modelling. This chapter describes different ion implantation 
software used in this thesis and how it was utilised, before moving on to 
Raman modelling and how this was achieved using Maple®. 
• Chapter 5 Experimental techniques. Details of the main techniques used to 
complete this work are given here. Sample preparation techniques and 
experimental techniques are covered in this chapter, along with the mask 
design for implant windows used for lifetime and loss measurements. 
• Chapter 6 Results. This section details excess loss and free carrier lifetime 
results for experimental work, followed by Raman gain simulations for the 
given experimental values. Results for an annealing study are given along with 
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effects of annealing on un-implanted oxide clad waveguides and 
corresponding Raman gain simulations. 
• Chapter 7 Conclusions. The conclusions drawn from the results section are 
given in this chapter. Conclusions on how to provide an efficient trade-off 
between lifetime and associated excess loss, to provide maximum Raman gain, 
are given. Conclusions on the effects of annealing implanted waveguides to 
improve their characteristics, with respect to Raman gain, and the effects of 
annealing un-implanted oxide clad waveguides are also given. 
• Chapter 8 Future work. This section details future work that should be carried 
out to fully understand the effects of ion implantation and annealing on rib 
waveguides. The fabrication of defect engineered rib waveguides is also 
discussed. 
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2. Literature Review 
2.1 Silicon Photonics 
Silicon photonics was first pioneered in the late 1980s by Soref, and early 1990' s by 
Reed and Jalali [1-3]. The early work carried out by these researchers inspired further 
work in this area, resulting in substantial progress, mostly in passive devices. 
This early work ultimately led to investment by large corporations such as IBM and 
Intel along with several emerging companies such as Kotura and Luxtera. As a result, 
there has been much activity in silicon photonics recently. The most promising 
applications seem to be in the fields of optical interconnects, low cost 
telecommunications and optical sensors [4]. However the emerging field of Raman 
based silicon photonics is also making headway with a number of influential 
publications [5-8]. 
The traditional argument for silicon photonics is based on its compatibility with 
silicon integrated circuit manufacturing. Silicon wafers also have the lowest cost per 
unit area and the highest crystal quality of any semiconductor material [9]. Another 
motivation is the availability of high quality silicon-on-insulator wafers, creating the 
availability of high quality planar waveguide circuits. 
In addition to cost, a major argument for silicon photonics is the increased bandwidth 
available. Traditional copper interconnects are bandwidth limited above 20Gb/s due 
to frequency dependant losses, dimensional scaling and the RC time constant. 
The next section of this chapter deals with the advances made in Raman amplification 
and lasing. However it should be noted that silicon photonics has advanced in many 
other areas since early 2000. For example in 2007 Intel corporation published the 
worlds fastest silicon modulator [10] and demonstrated a 30 GHz, 40Gbitls 
modulation speed. In 2009 Vivien et al reported a 42GHz germanium photo-detector 
integrated in a SOl waveguide [11]. It appears that Silicon photonics as a whole is 
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now being seriously considered as a rival to traditional III-V photonics. With respect 
to modulation, recently there has been much interest in reducing the power 
consumption of devices in order to make them more compatible with CMOS 
processes [12]. The amount of interest and companies involved in silicon photonics 
shows that it is a serious contender. 
One of the most desired applications of silicon photonics is efficient light emission. 
This has often been considered by some, to be the Holy Grail of silicon photonics due 
to its potential payoff as well as the significant challenge posed by nature. The major 
limitations in producing a silicon light emitter are based on a long free carrier lifetime 
due to an indirect band structure, and the indirect band structure itself. Due to this 
indirect band structure conventional lasing cant take place. Excited electrons 
recombine via a phonon mediated transition rather than emitting light. There have 
been numerous approaches to overcome this limitation. Most can be categorised into 
one of the following:-
• Quantum Confinement 
• Erbium doping 
• Raman scattering 
According to the Heisenberg uncertainty principle, when an electron is localised, its 
momentum becomes uncertain. Silicon nano-crystals are often used to create quantum 
confinement. These occur naturally in a silicon rich oxide thin film that has been 
subjected to high temperature annealing. The nano-crystals are excited by pumping 
with a high intensity laser. Several groups have observed optically pumped gain in 
these devices [13, 14], however the origin of the gain could not definitely be put 
down to quantum confinement in the nano-crystals. 
Erbium doped fibre amplifiers and lasers are a successful technology in their own 
right. However the same can't be said for erbium doped waveguides. It was found that 
silicon was not a good host for erbium, resulting in poor emission at room 
temperature [9]. It was thought that this was due to the back transfer of energy from 
the excited erbium ions to the silicon, and due to the low concentration of erbium that 
can be accommodated by silicon [4, 9]. 
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Recently there has been a collective interest in integrating electrically pumped III-V 
lasers onto silicon. There are four main types of devices mentioned in the literature. 
These are:-
• Micro-disk lasers 
• Hybrid lasers 
• Distributed feedback lasers 
• Distributed bragg reflector lasers 
The main advantage of microdisk lasers is that they can be electrically pumped and 
integrated onto the silicon platform. They have low power consumption and are 
typically on the order of microns In diameter. Coupling is achieved through 
evanescent coupling to a wire waveguide. 
Electrically pumped microdisks have been demonstrated [15, 16], in the case of [15] 
continuous wave lasing was achieved at room temperature. A continuous wave output 
power of IOIlW was measured, increasing to as much as IOOIlW when pulsed. The 
main emission wavelength was centred on 1600nm. In [16] four microdisks with 
varying diameter were integrated on a single waveguide, producing a multi 
wavelength laser. 
The main issue with microdisks is that the emission wavelength is dependant on the 
diameter of the disk, which in turn is dependant on the quality of the fabrication 
process. Also microdisks are seriously affected by parasitic coupling to neighbouring 
microdisks caused by higher order modes. 
In 2007 an Intel and UCSB collaboration produced an electrically pumped silicon 
laser [17]. However this was not a true silicon laser. It consisted of a III -V laser 
bonded to a silicon substrate. The silicon substrate is the base upon which the other 
elements are placed. A silicon waveguide is etched into the substrate and then 
exposed to an oxygen plasma, along with an indium phosphide based wafer. The 
plasma acts as a glue layer between the two wafers and fuses the two wafers together 
when heated. 
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The indium phosphide layer is then driven electrically and generates photons. These 
photons are coupled into the waveguide below, which acts as a laser cavity to create 
the lasing effect. The waveguide dimensions control the cavity length of the laser and 
thus the emission wavelength. The laser had a maximum output power of 1. 8m W at 
15°C, with a threshold of ~65mA at 2V. Lasing was very temperature dependant with 
output power dropping to ~0.3mW using the same driving parameters at 40°C. 
Distributed feedback lasers (DFB) allow alignment-free transfer of III-V lasers to 
silicon. DFB lasers have the advantage of a single wavelength of emission and due to 
short cavity lengths, low threshold currents can be achieved while still producing 
output power in the mW regime [18]. DFB lasers are grating based, resulting in 
wavelength being more dependant on grating periodicity rather than cavity length, a 
parameter that is much easier to control in the fabrication process. In the case of [18] 
an electrically pumped 1600nm laser was demonstrated with maximum output power 
of 5.4mW at 10°C. The laser continued to operate up to 50 °C, however the output 
power was significantly reduced. At room temperature this device produced an output 
power of ~3mW and at maximum temperature produced only negligible output 
power. The temperature dependence of this device is a concern especially with respect 
to temperatures present in a computer at the present time. If a more temperature stable 
device can be fabricated, DFB lasing may become a more attractive proposition. 
Similar to DFB lasers are distributed Bragg reflector lasers (DBR). The mam 
difference is that the grating is positioned outside of the gain region. Recently an 
electrically pumped DBR has been demonstrated with maximum continuous wave 
power of llmW at 15°C [19]. The output wavelength was 1596nm and the device 
had a lasing threshold of 65mA. As with the DFB laser the device operation is 
extremely sensitive to temperature change. 
The use of stimulated Raman scattering to generate amplification was first proposed 
in 2002 [20]. Since then there have been many advances in using Raman scattering to 
generate amplifiers and lasers in silicon. 
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2.2 Silicon Raman amplifiers and Lasers 
In the mid to late 1990's, there was renewed interest in Raman amplification for 
optical fibre communications. By the early part of 2000, almost every long haul or 
ultra long haul fibre optic transmission system used Raman amplifiers [21]. The 
success of Raman amplifiers in fibre communications has renewed interest in 
generating light from silicon, using a similar idea. 
Utilising the Raman Effect to generate light in silicon was first published in 2002 by a 
research group from UCLA [20]. The belief was that 10dB of gain could be achieved 
when optically pumping the waveguide with 500m W of optical power. Two photon 
absorption (TP A) and amplified spontaneous emission (ASE) were taken into account 
as the major loss mechanisms; however it was thought that since the Raman 
coefficient in Silicon was several orders of magnitude higher when compared to 
silica, the losses would be negligible. 
The first paper to record stimulated Raman emISSIOn III silicon [22] observed a 
maximum signal gain of 6% (0.25dB). This was achieved using a 1.6W continuous 
wave (CW) pump laser at a wavelength of 1427nm. The waveguide had a length of 
1.8cm. The paper suggested that TP A was negligible for the pump powers used to 
observe stimulated Raman scattering. 
This paper [22] was a landmark event, as it showed that coherent light could be 
emitted from silicon. The gain however was much lower than estimated previously 
[20]. This was most likely due to TP A induced free carriers, although the authors did 
not comment on this point. 
In 2004 Liang and Tsang [23] showed the impact of TP A generated free carriers on 
optical loss. They found that contrary to their expectations, probe power reduced as 
pump power increased. This was contrary to what Jalali and his group had predicted 
[20] earlier in 2002. Liang and Tsang had highlighted the most detrimental problem in 
silicon Raman amplification and had showed that fabricating an efficient silicon light 
emitting device would be more of a challenge than first thought. 
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Shortly after reference [23] was published, the group headed by Jalali concluded that 
Raman gain was strongly dependant on effective carrier lifetime [24]. The paper 
suggested that rib waveguides may help reduce the photo-generated carriers through 
recombination with the slab regions that surround the rib. The use of a reverse biased 
p-n junction to deplete the carriers was also discussed. 
Liang and Tsang then published the highest optical gain to date [25], which was close 
to the gain prediction made in 2002 by Jalali's group [20]. An optical gain of 6.8dB 
was achieved from stimulated Raman scattering in a 1.7 cm long waveguide. This was 
achieved with a peak-coupled pump power of 55W (7mW average power). TPA 
generated free carriers were avoided by using pico-second pulses at 1557.4nm. This 
allowed the free carriers to slowly recombine during the off cycle of the laser, 
ensuring low overall free carrier density. Since it was thought that Raman gain was 
dependant on waveguide dimensions, long photonic wire waveguides were discussed 
as a way of reducing free carrier density. As the core size decreases, the ratios of core 
interface to core area increases. Therefore, surface effects are enhanced and shorter 
lifetimes should be expected. 
A week later a group from Intel Corporation, observed net optical gain using the 
pulsed pump technique [26]. The pump wavelength was similar at 1545nm, however 
the waveguide length was longer at 4.8cm. They observed 2dB gain with a peak pump 
power of 470mW in a silicon rib waveguide. 
At this stage in the timeline, TP A had been recognised as the main limiting factor in 
realising an efficient silicon amplifier. Allowing the TP A generated free carriers to 
recombine during the off cycle of the pump laser had been the only way to produce 
net gain above 0.25dB. 
In September 2004 the first silicon Raman laser was demonstrated by the group 
headed by Jalali [27]. As an amplifier, the silicon waveguide provided up to 9dB of 
gain with a peak pump power of 25W. This was achieved using the pulsed pump 
technique with a period of 30ps, to avoid an increasing density of free carriers. For the 
demonstration of the laser no probe signal was used. The laser cavity was formed 
from an 8m long ring of fibre. The length was chosen so that the round trip time in the 
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ring matched the 40ns pump pulse period. Lasing threshold was measured at 9W peak 
power, with a slope efficiency of 8.5%. Lasing was at 1675nm, as expected since 
pump wavelength was 1540nm. 
The next significant report came just under a week later when simultaneous stokes 
and anti-stokes emission was observed [28]. This discovery suggested that a dual 
output Raman laser could be fabricated. As an example, with a pump at 1430nm, both 
1300nm and 1550nm wavelengths could be simultaneously generated. A pulsed pump 
regime was used to mitigate TP A and its effects. 
At the end of 2004 the group from Intel produced a landmark paper which for the first 
time showed (>0.25dB) net gain for a CW laser [29]. TP A generated free carriers 
were reduced by introducing a reverse biased p-i-n diode. The effect of the p-i-n diode 
was to reduce the carrier lifetime from 16ns with no reverse bias, to Ins at 25V. This 
enabled a >3dB gain to be achieved at approximately 700mW CW pump power. 
Another technique to limit free carrier absorption was shown by Lipson et al where 
silicon-on-insulator (SOl) strip waveguides were used [30]. The small waveguide 
increased the confinement of light, and thus enhanced the Raman amplifying effect, 
and the ratio of core interface to core area resulting in lower carrier lifetimes. 
However pulsed pumping still had to be used to forgo the effect of TP A generated 
free carriers. With this technique a net gain of 3.ldB was obtained using a 2.8W peak 
power in a 7mm long strip waveguide. 
In early 2005 Jalali et al published a net waveguide gain of 13dB [31]. A Mode 
locked laser operating at 1540nm at 25MHz repetition rate and 3ps pulse width was 
used as the pump source. A DFB laser at 1673nm was used as the signal source. The 
pump and signal beam were coupled into a 2.5cm waveguide via a WDM. The 
waveguide had a total loss of 2.8dB/cm. They suggested that by taking losses into 
account, the intrinsic Raman gain in their waveguide was 24dB. Pulsed pumping still 
had to be used however to mitigate the effects of TP A generated free carriers. 
The first "all silicon Raman laser" [5] was reported in January 2005. Unlike the 
previous silicon laser [27] there was no fibre cavity. Instead, the cavity was formed 
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inside the silicon waveguide. One of the waveguide facets was coated with a 
multilayer coating which had ~90% reflectivity. The other facet was left uncoated and 
had a reflectivity of 30%. The pump beam was coupled into the cavity through the 
uncoated facet. A p-i-n diode was used to sweep out the generated free carriers, and 
reduced the lifetime from 65ns to 1.2ns with a reverse bias of 25V. This gave a lasing 
threshold of ~O.4mW and a slope efficiency of 9.4%. The device saturated at pump 
powers greater than 0.9mW. Although this device still used a pulsed pump regime, it 
showed the possibility for an all silicon continuous wave laser/amplifier. This all 
silicon Raman laser achieved an on-off gain of 5 .2dB. The group mentioned that 
alternatives to cavity coatings may be used to enable CMOS compatibility, for 
example Bragg reflectors or ring resonators. 
A month later the same group reported the first continuous wave Raman silicon laser 
[32]. The structure of this laser was essentially the same as the previous laser. 
However the pulsed regime had been replaced with continuous wave regime. This 
reduced the saturation threshold from >0.9mW [5] to >400mW [32]. The slope 
efficiency was reduced from 9.4% to 4.3% for 25V reverse bias, and the gain reduced 
to >3dB using the continuous wave regime. 
In January 2006 another paper [33] reported net gain using a continuous wave laser. 
However instead of using a p-n junction to reduce the effect of TP A generated free 
carriers, implanted helium ions were used. The helium ions created damage within the 
waveguide which acted as trapping sites for the generated free carriers. The 
waveguide was implanted with a Ix1012cm-2 dose of helium ions. The lifetime of the 
free carriers was estimated to be ~ 1.9ns, producing a net gain of 0.065dB. Although a 
p-n junction was fabricated on the waveguide, the gain and lifetime were measured 
with the junction in open circuit. The gain was achieved with a continuous wave laser 
and showed that defect engineered waveguides could be used to reduce free carrier 
lifetime and produce net gain. 
In May 2006 the group from Intel produced the first monolithic Raman silicon laser 
[6]. A ring resonator replaced the cavity mirrors used in their previous device [5] to 
produce a CMOS compatible device. A continuous wave pump laser was used, and 
with the correct separation and coupling between the ring resonator and waveguide, 
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lasing was achieved. A slope efficiency of ~10% and an output power close to 30mW 
was demonstrated. The pump beam had to be fmely tuned to take advantage of cavity 
enhancement in the ring to maximise laser output. The group suggested that cascaded 
rings could be used to further extend the lasing wavelength to the mid infrared region, 
where a suitable room temperature laser is in demand. 
In April 2007 the group from Intel published an article in Nature Photonics 
demonstrating for the first time a "low-threshold" continuous-wave Raman silicon 
laser [8]. They achieved a lasing threshold of 20m W, slope efficiency of 28% and an 
output power of 50m W, with a 25V reverse bias applied to the p-i-n silicon 
waveguide. Previously the best result for continuous wave operation was 10% slope 
efficiency with 30m W output power. A combination of low free carrier lifetime 
(0.32ns) and low loss waveguides enabled longer devices to be fabricated, increasing 
the interaction length in the device, producing higher gain and thus higher output 
power. The group showed that by doubling the length of the cavity from 1.5cm to 
3cm the laser output power almost doubled (figure la and Ib). 
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In February 2008 the group from Intel demonstrated a cascaded silicon Raman laser 
[34]. In essence it is the same design as for the low threshold Raman laser. However 
the directional coupler is designed so that it has a low coupling coefficient at the first 
stokes wavelength. This allows a high power to build up in the cavity generating gain 
and lasing for the second order Stokes wavelength. In this device the pump generates 
a Raman signal which then builds up in the cavity to an intensity great enough to 
generate emission from the first order Stokes wavelength. This allowed the group to 
generate a second order Stokes emission at 1848nm from a 1550nm pump beam. The 
group say that there could have been a third order emission but due to limitations on 
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equipment only the second order could be measured. This technique is very promising 
in generating mid-IR wavelengths. At 2.21lm TPA is absent, suggesting that the 
device would have greater efficiency above this threshold. However TP A losses 
would still be present on the pump and first and second order wavelengths used to 
cascade the laser to 2.2Ilm. Figures 2a and b show the experimental and theoretical 
generation of higher order Stokes emission. 
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[34]. 
Later in April 2008, Jalali et al [35] published a theoretical paper suggesting that free 
carrier lifetime on the order of O.lns or less was needed to create a useful silicon 
Raman amplifier that operates in the continuous mode. The group also discussed the 
problem of electric field screening in relation to carrier sweep-out, and found that at 
high pump intensities, the carrIers were no longer swept away and 
diffusion/recombination became the dominant mechanism, see figure 3a. They 
concluded that for the best performance, the silicon Raman amplifier should be run in 
the mid-infrared region where TPA is absent (see figure 3c). 
This paper suggests that although carrier sweep-out is the dominant carrier removal 
mechanism, in the future junction field screening may prevent any advance with this 
method. Defect engineered waveguides do not have the problem of carrier screening 
and in the future may surpass the use of p-n junctions to reduce free carrier lifetime in 
silicon Raman amplifiers and lasers (see figure 3b). 
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For completeness, figure 4 shows the schematic set-up for an Intel silicon Raman 
laser experiment [32]. 
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output at Dichroic High-
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FigA. Schematic set-up of the silicon Raman laser experiment [32]. 
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The basic operation consists of a continuous wave diode laser at 1550nm being 
amplified by an EDFA system to produce a pump beam of up to 3W. The pump beam 
passes through a polarization controller into a de-multiplexer. The beam is then 
coupled into the waveguide through a lensed fibre. The Raman generated laser and the 
reflected pump beam are then coupled back into the lensed fibre and separated by the 
de-multiplexer. The Raman laser output is then filtered by a long pass filter before 
being detected by a power metre or spectrum analyser. 
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2.3 Defect engineering 
There have been many papers published on the subject of defect engineering in 
silicon. However there are few papers that relate defect engineering to the reduction 
of free carrier lifetime, whether for Raman applications or not. Consequently only a 
few papers have been selected for this section of the literature review. 
The first paper of interest discusses the effects of ion implantation induced defects on 
optical attenuation in silicon waveguides [36]. The work showed that optical 
attenuation increased as the silicon ion dose increased. The silicon ions were 
implanted in the centre of the waveguide and the losses observed. The effects of 
annealing were also investigated; a reduction in optical attenuation was shown 
following thermal annealing. It was suggested that the reduction in optical attenuation 
following thermal annealing was dependant on the dose of ions implanted. 
A paper by Pelaz [37] showed a figure relating dose to relative increment of refractive 
index for a given irradiation energy into silicon for different ions. It showed that for 
similar mass ions to silicon, the refractive index change was 10-3 for doses up to 
5xl013cm-2. This change in the refractive index is small and therefore an increase in 
radiation losses should not be expected for low dose st implantation. 
A paper by Foster et al [38] in 2006 expanded on the investigation first carried out in 
[36] and showed the effects of low temperature annealing on optical absorption in 
silicon ion implanted waveguides. The optical loss for a dose of 6.3xl013cm-2 using 
2.8 MeV st ions was in excess of 400dB/cm. However after annealing from 0-300°C 
in 50°C steps for 10 minutes, the loss had been reduced to intrinsic levels measured 
prior to implantation. The authors suggested that due to the annealing characteristics, 
the defects responsible for the excess optical absorption were silicon di-vacancies. 
The next significant paper has already been mentioned in the previous section [33]. 
However it shows that defect engineering can reduce the carrier lifetime and produce 
a Raman amplifier with net gain. Helium was implanted into the waveguide at an 
energy that placed the defect profile at the centre of the optical mode. Annealing was 
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then performed for 45 minutes in flowing nitrogen at 200°C, producing an estimated 
lifetime of 1.9ns. 
The anneal time and temperature chosen in [33] when compared to the practical 
results from [38] suggest that all the ion induced damage should have annealed out of 
the waveguide, yet the carrier lifetime remains low. This suggests that lifetime 
reduction is more dependant on dose of implanted ions, rather than their position 
relative to the optical mode. This is a hypothesis shared by myself and Walters [39] , 
who concluded that previously reported increases in net gain due to implantation 
throughout the waveguide core were most likely the result of increased surface 
recombination velocity and only partly due to bulk defects. 
In May 2008 a group from Aachen, Germany, published a paper showing fast all-
optical switching in an oxygen implanted micro-ring resonator [40]. Importantly, they 
measured a carrier lifetime of 15ps using an implantation dose of 7xl0 12cm-2. This 
value of carrier lifetime is well below that recommended by Jalali et al [35] to 
produce an efficient Raman device. However, the excess optical absorption was 
~70dB/cm, far too high for a Raman device to overcome at this time. The group 
highlighted the trade-off between short carrier lifetimes and additional propagation 
losses, which had to be taken into account when choosing an ion implantation dose. 
The effects of different energy implantations were not investigated. 
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Figure 5 shows how additional loss in a waveguide increases with implantation dose. 
As the dose increases so does the additional loss. This graph correlates well with the 
work reported in this thesis [41]. 
A thesis submitted by Walters in 2008 titled "Defect engineering for silicon photonic 
applications" concentrated on utilising silicon defect engineering to reduce the free 
carrier lifetime for Silicon Raman amplifiers and lasers [39]. Simulations showed that 
ion induced amorphous silicon would allow the reduction in free carrier lifetime in 
silicon rib waveguides. The thesis concluded that the defects had to be limited to 
remote volumes in the silicon to minimise the optical impact of the defected regions 
[39], a conclusion consistent with the work of this Thesis. 
2.4 Summary 
It has taken just four years for the field to progress from discussion to fabrication of a 
monolithic continuously pumped silicon laser. However there are still inherent 
problems with Raman devices in silicon. TP A generated free carriers are still the 
dominant loss mechanism in silicon Raman devices. P-N junctions have shown to be 
effective at sweeping the carriers away from the optical region; however fabrication 
of the p-n junction increases loss in the device unless the separation is greater than 
6/lm [8]. Jalali noted that although carrier sweep-out is the dominant carrier removal 
mechanism, in the future junction field screening may prevent any advance with this 
method [35]. Low energy silicon defect engineered waveguides in the work of this 
Thesis have shown it is possible to reduce the free carrier lifetime by over 85% for an 
excess loss of O. 54dB/ cm [41]. This gave a free carrier lifetime of O. 57ns. 
This method of lifetime reduction is not affected by the possible carrier screening 
effect published in [35]. If evidence of carrier screening at high reverse bias voltages 
is published, this will further boost the attractiveness of using the method of lifetime 
reduction presented in this Thesis. 
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3. Background 
3. 1 Optical amplifiers 
An optical amplifier is a device that amplifies an optical signal directly, without the 
need to first convert to an electrical signal. It is the basis of a laser but without the 
optical cavity, using stimulated emission as the gain medium. Optical amplifiers can 
in general be divided into two classes; optical fibre amplifiers and semiconductor 
amplifiers. 
3.1.1 Fibre Amplifiers 
Fibre amplifiers use dopants such as trivalent erbium (Er+3) to act as the gain medium. 
When erbium is excited it emits light at 1540nm, a low loss wavelength region for 
silica fibres. Figure 3.1 shows a plot of wavelength against absorption of a silica 
based optical fibre. At ~ 1540nrn low absorption loss is present. 
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Fig 3.1. Typical attenuation versus wavelength plot for silica-based optical fibre [1] 
To excite erbium a diode laser is commonly used, known as a pump. Generally 
erbium is pumped at 980nm or 1480nrn. The erbium atoms absorb this pump energy 
and emit a photon at 1540nrn. Figure 3.2. shows a typical energy level diagram for 
fibre amplification at 1480nm. At this wavelength a two level pumping process is 
used to generate amplification. This system lies close to the 1540nrn signal band and 
thus produces more amplification noise. Pumping with 980nm is usually achieved 
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with a three level pumping regime and has less amplification noise as it is situated 
away from the signal band, thus it is generally used to amplify weak signals over long 
distances. 
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Fig 3.2. Typical energy level diagram showing emission of photon at 1540nm after pumping with 
1480nm. 
Development of the Erbium Doped Fibre Amplifier (EDF A), along with widespread 
deployment led to the communications wavelength being fixed at 1540nm. 
The 980nm pump is generally used where low noise performance is required, due to 
980nm band having a higher absorption cross section. The drawback of this method is 
that the absorption band is relatively narrow and so wavelength stabilised laser 
sources are typically required [2]. 
The 1480nm band has a lower but broader absorption cross section [2] and IS 
generally used in high power amplifiers . 
3.1.2 Semiconductor Optical Amplifiers (SOA) 
The SOA is generally an electrically pumped device that can be less expensive than 
an EDF A. Its main advantage is the ability to be integrated with semiconductor lasers, 
however the performance is still not comparable with EDFA's, with higher noise and 
lower gain being the main comparative drawbacks [2]. Table 3.1 summarizes the 
differences between optical fibre amplifiers and semiconductor amplifiers. 
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Table 3.1. Main features of OF A's and SOA's [2] 
Feature OFA SOA 
Typical maximum internal gain (dB) 30-50 30 
Typical insertion loss (dB) 0.1-2 6-10 
Polarisation sensitive? No Weak «2dB) 
Pump source Optical Electrical 
3dB gain bandwidth (nm) 30 30-50 
Nonlinear effects Negligible Yes 
Saturation output power (dBm) 10-15 30-50 
Typical intrinsic noise figure (dB) 3-5 7-12dBm 
Photonic integrated circuit compatible? No Yes 
Functional device possibility? No Yes 
Referring to table 3.1 it is clear that both devices achieve similar levels of internal 
gain and 3dB gain bandwidth. The SOA device has advantages of electrical pumping 
coupled with the compatibility with integrated circuit technology. However the OF A 
has much lower insertion loss and noise figure and has the highest maximum internal 
gam. 
3.1.3 Raman Fibre Amplifiers 
In this device the signal is amplified by the Raman Effect, a nonlinear interaction 
between a pump laser and an optical phonon in an optical fibre. There are two types 
of Raman fibre amplifier; distributed and lumped. In a distributed fibre amplifier the 
whole length of fibre is used as the gain medium. In a lumped fibre amplifier a 
dedicated short length of fibre is used to provide amplification. In the lumped fibre, 
the short length tends to be highly nonlinear with a small core size to maximise gain. 
The main advantage of the Raman fibre amplifier is that emission wavelength is 
defined by the pump wavelength. Almost any wavelength can be amplified as long as 
the corresponding pump wavelength exists. This system is much more flexible than 
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other systems such as EDFA's which have a fixed bandwidth typically centred on 
I 540nm. 
By the early part of 2000, almost every long haul and ultra long haul fibre optic 
transmission system used Raman fibre amplifiers. This is because the efficiency of the 
Raman fibre amplifiers actually exceeds that of I 480nm pumped C-band EDFA's [3]. 
3.1.4 Silicon Raman Amplifier 
It appears that the success of the Raman amplifier in fibre communications in the 
early part of 2000 has kick-started research into silicon light generation using a 
similar idea. 
In fibre Raman amplifiers, typically several kilometres of fibre is needed to create 
useful devices. In silicon however, the Raman gain coefficient is ~ 104 times higher, 
due partly to its crystalline structure. Since waveguides normally confine the optical 
mode to an area 100 times smaller than a fibre, it was thought Raman amplification 
should be possible over millimetres rather than kilometres [4]. 
There are two main types of silicon Raman amplifier emerging at the present time. 
One is based on a p-n junction and is an active device. The other is a defect 
engineered passive device. 
Unlike fibre amplifiers, silicon has two main problems; Two Photon Absorption 
(TP A) and Free Carrier Absorption (FCA). High pump powers are typically needed to 
generate Stimulated Raman scattering and to overcome the noise caused by 
spontaneous Raman scattering. At 1550nm, this means that two photons have enough 
energy to send an electron into the conduction band, causing pump depletion, and 
generation of free carriers. These carriers absorb incoming photons, gaining energy 
and travelling to higher energy levels. Figure 3.3. displays the process of TPA and 
FCA in a material with a band-gap. 
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Fig 3.3. Band diagram showing TPA. Signal photon absorbed by free carriers to promote them to 
higher energy levels. 
To summanze, TP A causes pump depletion, as two photons are absorbed in the 
interaction, reducing the availability of pump photons for Raman amplification. TP A 
also generates free carriers by giving electrons enough energy to jump the band gap. 
These free carriers absorb pump and signal photons, allowing the carriers to reach 
higher energy levels, causing absorption inside the amplifier to increase. FCA is 
prevalent in silicon due to its indirect band gap. This will be explained in a later 
section. 
3.1.5 Erbium doped silicon waveguides 
Another way to produce amplification in silicon is to use erbium. The same principle 
of photon emission as used in fibre amplifiers can be used in silicon erbium 
waveguide amplifiers. 
Ion implantation followed by thermal treatment repairs silicon lattice damage whilst 
activating the erbium ions. Fabricating a p-n junction allows the generation of charge 
carriers which excite the erbium ions [5] , they then decay with the emission of a 
photon around I 540nm. 
This method only allows the amplification of narrowband wavelengths. Raman 
amplifiers theoretically allow any wavelength to be amplified as long as the 
corresponding pump wavelength is available and the wavelengths are still transparent 
to silicon. 
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3.2 Optical Absorption 
Absorption in crystalline silicon at communication wavelengths is low, due to the 
band gap of ~l.1eV (1550nm ~ 0.8eV). However the probability of absorption 
increases for defect engineered crystalline silicon, pumped with high intensity lasers. 
As mentioned in the previous section, TP A is prevalent in silicon Raman amplifiers; 
and thus should be discussed along with other absorption mechanisms in silicon, 
which are shown in figure 3.4. 
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Fig 3.4. Diagram showing different absorption mechanisms in crystalline silicon. 
(a) Inter-band Absorption: This results in the transition of an electron from the 
valance band to the conduction band due to absorption of a photon with hv>Eg, where 
Eg is the band gap energy of silicon ~ l.1 e V. This process in not likely in silicon due 
to photon energies at communications wavelength being less than Eg. 
(b) Two Photon Absorption: This results in the absorption of sub band gap light due 
to two photons being absorbed simultaneously. This effect only normally exists when 
high intensity pump lasers are used. The high intensity increases the probability of 
multi-photon interactions due to the vast population of photons in the device. 
( c) Free carrier absorption: Also known as intra-band absorption, results in absorption 
of sub band-gap light by free carriers. The free carriers absorb photons to move to 
higher energy levels within the silicon. 
(d) Defect Assisted Absorption: This form of absorption can be problematic in defect 
engineered materials. Defects in the silicon lattice create energy levels within the 
band-gap which can facilitate absorption of sub band-gap light. 
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3.3 Optical Recombination 
Recombination in crystalline silicon normally takes place via an indirect process, 
resulting in phonon rather than photon emission. However for completeness both 
direct and indirect recombination will be discussed, diagrams of which can be seen in 
figure 3.5. 
3.3.1 Direct Recombination 
In direct recombination, an excess population of electrons and holes decay by 
electrons falling from the conduction band to empty states (holes) in the valance band. 
Energy lost by an electron in making the transition is given up as a photon, where the 
photon energy is equal to the band-gap energy. 
Direct recombination occurs spontaneously, that is, the probability that an electron 
and a hole will recombine is constant in time. As is the case of carrier scattering, this 
constant probability leads to the conclusion that there will be an exponential decay of 
the excess carriers. 
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Fig 3.5. Direct recombination (a) Indirect recombination (b) 
3.3.2 Indirect Recombination 
The probability of direct electron-hole recombination in silicon is very small. Some 
band-gap light is given off during recombination, but this radiation is very weak. The 
vast majority of recombination occurs via recombination levels within the band-gap. 
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The resulting energy loss by recombining electrons is usually given up to the lattice as 
heat rather than by emission of photons. Any impurity or lattice defect can serve as a 
recombination centre, as long as it is capable of receiving a carrier of one type and 
subsequently capturing the opposite type of carrier, thereby annihilating the pair. 
There appears to be some evidence that defects can also cause slow de-trapping of 
carriers, affecting the free carrier lifetime [6]. A short laser pulse was observed using 
the Microwave-detected Photoconductance Decay (MW-PCD) method. It was found 
that if using above band-gap light to excite carriers, a double exponential was 
observed, dominated by a slow decay. However, if sub band-gap light was used, a 
much faster decay was recorded and the slower decay almost disappeared, this can be 
seen in figure 3.6. 
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Fig 3.6. Microwave detected photo-conductance decay measured with and without additional 
sub-bandgap light [6]. 
This longer lifetime can be explained by the Hornbeck-Haynes model as a slow 
detrapping of carriers, which is strongly accelerated using sub band-gap light [6]. 
The reason for the slow detrapping of carriers originates from defects in the silicon. 
The defects effectively slow the recombination by temporarily capturing (trapping) 
carriers from the band edge. This process of temporary capture is also known as 
phosphorescence. If a material contains defect levels which have a strong tendency to 
temporarily capture carriers from the conduction band, it is known as a phosphor. A 
band diagram of this process can be seen in figure 3.7. 
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Fig 3.7. Diagram showing the process of phosphorescence. 
a) Incoming photon hVl>Eg is absorbed creating an electron-hole-pair (EHP). 
b) Excited electron gives up energy to the lattice by scattering until it nears the 
bottom of the conduction band. 
c) Electron is trapped by impurity level Et, and remains trapped until it can be 
thermally re-excited to Ec (d). 
d) Direct recombination occurs. 
It should be noted that although intrinsic defects can cause a slow detraping of 
carriers, hence reducing recombination rate, when not using sub band-gap light (due 
to their position at edge of the band-gap), implanted defects increase the 
recombination rate as they are generally positioned mid band-gap and are not prone to 
temporary capturing carriers. 
3.3.3 Recombination in a Silicon Rib Waveguide 
Recombination in a rib waveguide differs to that for planar SOl due to enhanced 
surface recombination and diffusion. This is due to the fact that as the size of the 
waveguide decreases, the ratio of core interface to core area increases [7] . Walters 
discussed that diffusion in a silicon rib waveguide is somewhat dependant on rib etch 
depth. A thicker slab region would allow carriers to diffuse more readily since it acted 
as a conduit for carriers to flow from the waveguide core [7]. In the same way 
reducing the slab height causes a bottle neck, and has the effect of causing a slow 
down in diffusion away from the rib. For small devices interface recombination is 
likely to be the dominant effect, as in rib waveguides in this study. 
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3.4 Raman Scattering 
The Raman Effect can simply be described as an inelastic interaction between an 
incoming photon and an optical phonon, resulting in scattering and thus a shift in 
wavelength. The wavelength of emitted light is dependant on whether an optical 
phonon is emitted or absorbed during the interaction. This in known as Stokes or 
Anti-Stokes scattering. The shift in wavelength depends on the materials optical 
phonon frequency. For silicon this is 15.6 THz (O.06eV). Therefore, if the pump 
photon had a wavelength of 1550nm (O.8eV), there could be a Stokes emission at 
1686nm (O.74eV) or an Anti-Stokes emission at 1434nm (O.86eV). The Stokes 
emission emits an optical phonon, and hence has a lower energy but longer 
wavelength than the original signal. The Anti-Stokes emission is dependant on a 
previous Stokes emission of an optical phonon, and is thus less intense. As a result the 
pump beam is usually selected to produce Stokes emission at the desired wavelength 
to be amplified. 
3.4.1 Raman Amplification 
For amplification, the Stokes photon needs to be stimulated into emission. This is 
achieved by passing a signal photon known as CORarnan along with the pump photon, 
coPump. The pump wavelength is chosen so that after the frequency shift due to the 
optical phonon frequency, the Stokes emission will be the same wavelength as CORaman. 
The Stokes photon is stimulated by the signal photon, which results in the same phase 
as the signal photon. Therefore there are now two signal photons and thus 
amplification. Figure 3.8. explains this process schematically via band diagrams. 
Stimulated emission (amplification) reqUIres the pump and Stokes photons to be 
present, with a frequency difference equal to the atomic vibrational frequency. In the 
case of an amplifier the Stokes photons are provided via the signal (laser) to be 
amplified. The two fields (Stokes and pump) create a force that stimulates atomic 
vibrations. This force enhances energy transfer between subsequent pump and Stokes 
photons. 
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Fig 3.8. Stokes (a) and anti-stokes (b) amplification. Stokes emission gives up energy as a phonon 
thus producing a longer wavelength. Anti-stokes emission relies on a previously emitted phonon 
from the Stokes emission and thus has a shorter wavelength. 
Initially in a Raman silicon laser however, there is no signal to be amplified, and thus 
no Stokes photons to generate stimulated emission. In order to achieve stimulated 
emission in a silicon Raman laser, the intensity of the pump inside the device has to 
surpass a threshold value so that after losses are taken into account, there is a net gain 
of Stokes photons. Once this condition has been satisfied stimulated Raman scattering 
occurs, and hence lasing. Stimulated Raman scattering relies on both pump and 
Stokes photons being present. The force generated by the Stokes and pump photons 
enhance atomic vibrations and thus increase the amplitude of the Stokes field leading 
to higher power lasing. 
To recap, an incident pump photon (cop) passes through the silicon lattice where its 
associated electric field overlaps with a silicon lattice atom. The beating of the electric 
field of the pump photon causes energy transfer to the lattice atom at the optical 
phonon frequency (cov). The energy transfer leaves the pump photon with a lower 
frequency (cop-cov) and a higher wavelength resulting in the generation of a Stokes 
photon. Another pump photon (cop) passes close to an excited lattice atom and energy 
is transferred from the optical phonon to the pump photon, again at the optical phonon 
frequency. The energy transfer leaves the pump photon with a higher frequency 
(cop+cov) and a lower wavelength resulting in the generation of an anti-stokes photon. 
Since the anti-Stokes photon is dependant on a previous energy transfer to create a 
Stokes photon, the ratio of Stokes power to anti-Stokes power is given by (1 +N)/N, 
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where N=[exp(hwvIKTJ-IIl is the Bose occupancy factor, and has a value of ~O.Ol 
for silicon at room temperature. 
Figure 3.9. shows Raman lasing together with spontaneous emlSSlOn as nOIse 
surrounding the lasing peak. 
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Fig 3.9. Raman silicon laser spectrum [8] 
As mentioned previously Raman amplifiers have a wide window of amplification, as 
long as the energy is below the band-gap and a corresponding pump wavelength is 
available. 
Raman amplifiers and lasers can also utilise second and third order Raman emission 
to enable high power lasing at wavelengths which are not easily accessible to 
conventional types of lasers. A recent example of this can be seen from a paper by 
Rong et al [9]. A Raman laser with a pump wavelength of 1550nm produced a Raman 
shifted lasing wavelength at 1686nm. This Raman shifted wavelength was then used 
as the pump wavelength to generate second order Raman lasing at 1848nm with an 
output power of ~5mW. 
In order to realise a Raman amplifier/laser device, several components are required. In 
general the device is constructed of a waveguide with a ring laser cavity (or an 
alternate resonant structure such as a laser cavity) [9]. The pump coupled into the 
laser cavity generates optical gain by stimulated Raman scattering inside the silicon 
waveguide at the first-order Stokes wavelength, which is 15.6 THz red-shifted from 
the pump. The gain increases with pump power, and the lasing threshold is reached 
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when the gain equals the total cavity loss. The first-order Raman lasing then starts, 
and the laser output increases with increasing pump power. 
For Raman emission an extemallight source (pump) is required, along with a 1550nm 
notch filter (if signal is at 1550nm) to remove the pump wavelength at the output. For 
a Raman amplifier the signal beam to be amplified is also required, in order to 
stimulate emission which is collinear with the signal. 
It is clear that Raman lasers and amplifiers have the advantage of tuneability and the 
ability to generate lasing at wavelengths not easily attainable by conventional lasers. 
However there is still the issue of having to optically pump the device with a high 
power density. Raman lasers due to their tuneability and wavelength range may have 
future applications in gas sensing [9], however integration may prove difficult unless 
the efficiency of the device can be improved. 
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3.5 Ion Implantation 
Ion implantation is a materials engmeenng process commonly used in the 
semiconductor industry, to selectively dope regions of a wafer. The implanted ions 
introduce both a chemical change to the target wafer, as the ion can be a different 
element to the wafer, and a structural change, in that the crystal structure can be 
damaged or even destroyed (amorphised). 
This research concentrates on damage production by ion implantation, rather than 
focusing on chemically doping the device. This is because st implantation will only 
induce losses associated with damage (volume scattering). Implanting p-type or n-
type ions will induce further losses from absorption from the increased concentration 
of holes or electrons. Inert ions such as He or Ar are not used in CMOS fabrication 
facilities. 
Therefore st ion implantation is one of the most efficient techniques to reduce 
lifetime without suffering from additional loss mechanisms, while keeping the process 
CMOS compatible. 
3.5.1 Nuclear and Electronic Stopping 
When an implanted ion passes through a solid target, it undergoes an interaction with 
the electrons and nuclei of the target atom, and loses energy accordingly. This causes 
the ion to eventually reach a depth x in the target, which is dependant on target crystal 
orientation, implantation energy, size/mass of ion and density of target. 
Figure 3.10 is a SRIM simulation of Si+ ions implanted into a silicon substrate. The 
silicon substrate had a thickness of 1.35~m. The implantation energy for this 
simulation was 500 keY, which placed the damage peak ~0.6Ilm inside the silicon 
substrate, with an ion range of ~0.65~m. 
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Fig 3.10.500 keY Si implanted into 1.35um of silicon 
The initial energy of the implanted ions (typically 10 keV-2 MeV) is much higher 
than the lattice binding energy of the target atoms (10-20 eV). Therefore if the 
implanted ion passes close to the target atom, significant deflections can occur, 
changing the path of the implanted ion, these deflections can be seen in figure 3.10. 
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Fig 3.11. Relative amount of nuclear and electronic stopping power as a function of the ion 
velocity 
Stopping power is the energy lost by an implanted ion as it travels through the target 
material. This loss of energy is caused by two main effects, namely nuclear and 
electronic stopping (see fig. 3.11). 
Nuclear stopping occurs at low ion velocities, and is when two atoms collide, causing 
the most damage to the target structure. Electronic stopping is caused by the 
39 
interaction between implanted ion and the target electrons. This process dominates for 
medium and high energies, but does not cause significant damage. 
When an implanted ion passes through a solid substrate it undergoes an interaction 
with the electrons and nuclei of the target and loses energy. The distance travelled by 
the implanted atom is called the range R. The projected range Rp is a more meaningful 
parameter as it denotes the average depth of the implanted ions, since some atoms 
stop beyond Rp and some before Rp. The distribution of Rp can be approximated to a 
Gaussian with standard deviation (jp (straggle). See figure 3.12 for a typical 
distribution. As an example, Si+ ions implanted into a silicon substrate at 1 Me V has 
an Rp of ~ 1.13Jlm. 
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Fig 3.12. Diagram of the random trajectory of an implanted ion. Rp is the average distance of the 
implanted ion. The distribution has been approximated to a Gaussian with standard deviation as 
the spread (Jp. 
3.5.2 Implantation induced damage 
As each implanted ion travels through the target it undergoes a senes of nuclear 
collisions. After each collision the ion is scattered and a small amount of its energy is 
transferred to the target atom which is then displaced from its original lattice position. 
Since the lattice binding energy is typically 10-20 e V, it is easy to transfer energy to 
free a lattice atom, allowing it to travel through the lattice as a second projectile. 
The damage distribution produced depends on whether the implanted ion is lighter or 
heavier than the target atoms. A light ion will transfer a small amount of energy 
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during each collision with the lattice atom, as a result the ion will be scattered through 
large angles. The corresponding displaced target atom will possess a small amount of 
energy and may not be able to provide additional atomic displacements. Most of the 
energy is lost via electronic stopping, so little damage results in the crystal. The ion 
range is comparatively large so the damage will be spread out over a large volume of 
the target. 
3.5.3 Implantation induced point defects in silicon 
Figure 3.13 [10] illustrates the main defects that can occur in a silicon crystalline 
structure. Although this study investigates self-irradiated silicon, which should 
eliminate any chemical effects in the results, it is still possible for dopants to play a 
part in defect evolution. This is due to intrinsic dopants being present from 
background doping of the wafer and from oxygen and carbon from crystal growth. 
There are two categories of point defects [11] , native point defects and impurity 
related defects. In this study native point defects are most likely to be generated. 
There are three defects types of particular interest; these are vacancy, interstitial and 
Frenkel defects. A vacancy is simply an empty lattice site which leaves behind silicon 
dangling bonds. An interstitial is an atom which sits between lattice planes, not 
bonded. A Frenkel defect is a interstitial associated with a vacancy. There are also 
substitutional defects, however due to the atom implanted being silicon, the 
substitutional defect is impossible in this case. 
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Fig 3.13. Displays Implantation induced point defects commonly fo und in silicon [10] 
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As mentioned previously, the intrinsic levels of dopants present in the silicon 
substrate can also generate defects. These are often in the form of oxygen and carbon 
vacancies and interstitials. It is also possible for di-vacancies and di-interstitials as 
well as clusters to form, however the later is more common after thermal treatment. 
Annealing a damaged substrate gives the defects more thermal energy allowing them 
to diffuse. These defects can either dissociate and recombine or form larger defect 
clusters. At high doses these clusters can form dislocation loops upon annealing. 
These larger defects can be dissociated at high temperatures however at high doses 
theses larger defects tend to stabilise. 
Table 3.2 [7] summarises the annealing temperature (temperature required to remove 
defects from target material) of common point defects found in silicon. This table 
agrees with [12] which also mentions annealing characteristics of point defects in 
silicon. 
Table 3.2. Common implantation induced point defects in silicon [7] 
Name Charge State Enc'!',!.!;,' LC'wl(s) leV] Annealing 
Ti'lllpCl"atnre [0C] 
YaCaIHT Y-- Ee-0.l 1 Pn's('ut abm'c' 
Y- Ee-O.G7 -:273 [41] 
Y+ Ev+O.OG 
Y++ Ev+0.1:3 
Diva('an('~' Y--,Y- Ec-0.24 300-350 [31] 
V-,YO Ec-O.J3 
YO.Y+ Ev+0.2O 
Yan\llcy Cll1skr Y4 ·Y5 Ee- fU3 450-!)()0 [:31] 
OX~'g(,ll-Yac<luc)' OyO Ec-0.lG9 2GO-300 [31] 
OxygCl1-Divacanc)' Y20 Ee-0.J :3 275-355 [:31] 
Carbon-Oxygell- COVyO Ev+0.3G 400-JSO [:31] 
Vacanc'Y 
At higher doses the problem of extended defects becomes greater. As mentioned 
previously, annealing can remove primary defect damage; however at high doses this 
is not always possible. Defects evolve under annealing to form what is called 
secondary damage. This consists of clusters, {113}' s (extra silicon interstitials in the 
{113} crystal plane) and dislocation loops. 
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One of the mam reasons for defect evolution has been shown through work by 
Columbeau [10]. It has been shown that as the defects grow in size, the energy 
required to add an extra atom to the defect decreases. Therefore defect evolution 
becomes easier as the defect grows. Figure 3.14. displays the formation energy for an 
evolving defect. The author states that figure 3.14 can be broken down into three 
sections, (1) clusters, (2) {113}'s and (3) dislocation loops. As the number of atoms 
increases, the defect evolves and the energy required to accomplish this decreases. 
The second Y axis shows the level of super-saturation (higher saturation than possible 
under normal conditions, caused by ion implantation) of silicon interstitials, which 
decreases as the defects evolve from clusters to loops. 
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Fig 3.14. Graph showing how formation energy decreases as defect grows in size [10]. 
Ifion dose is kept low (> lxl0 13cm-2) then defect evolution should not occur, allowing 
damage repair through annealing. This is useful if ion implantation is to be used as a 
lifetime reduction technique, since thermal tuning would allow device optimisation 
and complete repair of the damaged silicon if required. 
3.5.4 Ion Implanters 
The basic principle of ion implantation and ion implanters is similar across the field. 
Thus to explain the basic operation, the high energy ion implanter has been chosen, 
since this was the ion implanter used to carry out ion implantation for this research. 
Figure 3.15 shows a schematic of the high energy implanter showing the main layout 
of the individual components. This is one of the ion implanters available at the 
University of Surrey Ion Beam Centre. There are five main sections to an implanter 
which are as follows :-
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• Ion source chamber 
• Analysing magnet 
• Acceleration tube 
• X and Y axis deflection system 
• Target chamber 
Ion source chamber: - a gas source feeds a small quantity of gas into the ion source, 
where a heated filament causes the molecules to break into a charged plasma. The 
plasma contains the selected ion species as well as some contaminants. An extraction 
voltage of 15-30kV causes the charged ions to travel into the analysing magnet. 
Analysing magnet: - the analyser magnet current is chosen so that only the desired 
ion species can pass through the magnet; the other ion species and contamination hit 
the magnet walls. 
Acceleration tube: - ions are accelerated to the chosen implantation energy as they 
move from high voltage to ground potential. Apertures along the tube ensure that the 
beam is well collimated. 
X and Y axis deflection system: - in commercial implantation machines the beam is 
mechanically scanned over several wafers at a time. In research machines the beam is 
typically scanned over the target using electrostatic deflection plates. 
Target chamber: - this houses the substrate which can be mounted in various ways, 
depending on the application. Temperature of the substrate, tilt and rotation can all be 
adjusted. 
magnet 
Ion source 
chamber 
Acceleration 
tube 
Beam line 
Target 
chamber 
Fig 3.15. Plan view of the high energy ion implanter taken from a schematic diagram of the Ion 
Beam Centre. 
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For experimental work shown in this research a high energy implanter was used, as 
seen in schematic form in figure 3.15. There is another ion implanter available at the 
Ion Beam Centre known as the Danfysik. 
Both machines are required to allow a range of ion species and energies to be realised. 
However proj ect requirements usually dictate which machine will be used. The 
Danfysik ion implanter is suitable for implant energies ranging from 2 ke V to 200 
keY, however if doubly charged ions are used this range is extended to 400 keY. The 
Danfysik can have medium to high beam currents, allowing high dose samples to be 
irradiated quicker than the high energy implanter, however this is once again 
dependant on the ion species used. 
The high energy implanter has an ion range from 200 ke V to 2 Me V, which can be 
extended to 4 Me V if doubly charged ions are used. This machine has relatively low 
beam currents. This machine due to the requirement for high energies uses a Van de 
Graaff generator to generate power. 
Si28 has a population of around 94%, meaning that in a silicon source nearly all the 
silicon is Si28 . This would allow high beam currents and doubly charged ions to be 
generated relatively easily, as plasma can be easily created due to the high 
concentration of Se8. 
The ion implanter analyses the mass of the ion to select it for implantation. 
Unfortunately N2 and CO have the same mass as Si28, resulting in possible 
contamination. The result is to condition the source. That is to run it to bum off any 
contaminants, however some will remain. 
The answer is to use Se9, however this has a population of ~ 4%, resulting in lower 
beam currents and low likelihood of doubly charged ions. The result IS IOn 
implantation taking longer; however the implantation itself is much cleaner. 
The experimental work in this thesis required a maximum ion range of ~ 1.95Jlm. This 
was to allow the implanted Si+ ions to reach the SiliconIBOX interface through an 
oxide covering of up to 0.6Jlm. 
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The high energy implanter had a maximum energy of 2 MeV (single charged Si29), 
which implanted silicon ions to a depth of ~1.95~m. The minimum energy would 
place the range in the top oxide, covering the rib, allowing for the whole depth range 
of the waveguide to be studied. Therefore the heavy ion implanter was chosen for the 
investigation into silicon implantation. 
3.6 Silicon Etching and Oxidation 
This section aims to explain how etching of silicon to form waveguides and 
subsequent oxidation can affect the surface of the waveguides in question, 
inadvertently affecting the free carrier lifetime. 
3.6.1 Silicon Etching 
Etching of silicon is required to allow controlled removal of material from the wafer 
surface, allowing waveguides to be formed. With respect to waveguide fabrication 
this is a chemical and a physical process. There are two general approaches to 
chemical etching, wet and dry etching. 
For fabrication of sub-micron waveguides, dry etching is regarded as the most 
suitable, due to flexible processing capability, repeatability and the ability to produce 
accurate results. 
F or the waveguides fabricated for this research Reactive Ion Etching (RIE) was used. 
This is a popular method for etching features with near vertical sidewalls (anisotropic 
etching). RIE etching uses both chemical (reactive) and physical (sputtering) 
processes to etch waveguides in this case. This etching technique has the advantage 
that the generated plasma has a degree of directionality normal to the wafer surface, 
resulting in selective etching of the silicon to produce vertical sidewalls. 
Etching the waveguide can cause surface roughness and sidewall roughness, due to 
sputtering of the silicon. Interface roughness is also caused by deposition of materials 
such as Si02. It has been shown that the roughness of a silicon surface after a dry etch 
can increase by as much as two orders of magnitude [13]. This roughness increases 
the propagation loss of a waveguide [14], and will also have an effect on the free 
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carrier lifetime, since carriers will diffuse to this region of damage as it has a greater 
concentration of dangling bonds, similar to when recombination increases for smaller 
dimension waveguides, due to enhanced surface recombination [14]. 
Lai discussed the use of thermal oxidation to reduce the effect of roughness on 
propagation loss [13]. Passivating the silicon surface will also increase the free carrier 
lifetime due to smoothing of the roughness and reducing the concentration of silicon 
dangling bonds at the surface, an effect that has been recorded and discussed in this 
research. 
3.6.2 Silicon Oxidation 
An oxide layer is a requirement in the electronics industry, for example to allow 
electrical isolation and ion implantation masking. Silicon is able to produce a high 
quality, stable oxide relatively easily and is an important reason as to why silicon 
became the material of choice in the electronics industry. 
Growth or deposition of silicon dioxide onto an SOl waveguide converts the 
waveguide from an asymmetric to a symmetric waveguide. This oxide protects the 
waveguide as well as providing confinement of the electric field, if the oxide is of 
sufficient thickness (>0.5~m). 
A thermally grown oxide produces a regular, high quality oxide with low 
contaminants. Waveguides having a thermally grown oxide benefit from smoothing of 
surface roughness caused by RIE etching for example. 
A deposited oxide is not as dense as a thermally grown oxide and contains higher 
levels of contamination, especially if a TEOS technique is utilised. Contaminants 
usually include hydrogen and carbon. 
Thermal Oxidation 
Thermal oxidation of silicon is a way of producing a thin layer of Si02 on the surface 
of a wafer. This technique forces an oxidant to diffuse into the silicon substrate and 
react with it to form the oxide layer. This process is normally performed between 800 
°C and 1200 °C, resulting in a high temperature oxide. Molecular oxygen or water 
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vapour is usually used as the oxidant and as such the processes are called dry or wet 
oxidation. The chemical reaction is one of the following :-
Wet: Si + 2H20 --+ Si02 + 2H2 (gas) 
Dry: Si + O2 --+ Si02 
Wet oxidation takes place in steam and due to the higher equilibrium concentration of 
H20 compared to O2 in the different oxidation schemes, wet oxidation is ~20 times 
faster at 1000 DC. The difference between wet and dry oxidation rates can be seen in 
figure 3.16 taken from Silicon Photonics an Introduction [16]. 
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Fig.3.16. Si02 thickness versus oxidation time for a process temperature of 1000 °C 
Wet oxidation is the preferred method when growing thick oxides, due to the higher 
growth rate. However this fast oxidation leaves more dangling bonds at the silicon 
interface, which has the effect of lowering the free carrier lifetime of the waveguide 
and producing a lower density oxide. 
Thermal oxidation will provide a higher quality oxide with a much cleaner interface, 
when compared to chemical vapour deposition or TEOS (Tetraethyl orthosilicate). It 
also smoothes roughness generated from RIB etching for example. However in 
electronics industry thermal oxidation is not normally performed after doping an 
active device (due to diffusion) , limiting its usability. 
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Low Pressure Chemical Vapour Deposition (LP-CVD): 
Chemical vapour deposition is a chemical process used to produce high purity films. 
In a typical CVD process, the wafer is exposed to several volatile gases which 
decompose on the substrate to produce the desired film. 
Low pressure CVD uses sub atmospheric pressures to reduce unwanted gas-phase 
reactions and improve film uniformity across the wafer. This technique is commonly 
used for depositing low temperature oxides. TEOS is used from ~650 °C_ 750°C and 
silane and oxygen from ~300 °C_ 500°C. 
Silane and oxygen: Si& + O2 ~ Si02 + 2H2 
TEOS: Si(OC2Hs)4 ~ Si02 + 20(C2Hs)2 
N.B TEOS oxide can be grown at room temperature in water: 
Si(OC2Hs)4 + 2 H20 ~ Si02 + 4C2HsOH 
Chemical vapour deposition has a lower oxide quality than thermal oxides, however 
due to low processing temperatures; low temperature oxides can be deposited in the 
earlier stages of IC manufacture. This oxide will still passivate the silicon surface to 
an extent, increasing the free carrier lifetime. 
Plasma Enhanced Chemical Vapour Deposition (PE-CVD) 
This is another process which allows low temperature oxide deposition (TEOS -
100°C). The main difference between this technique and LP-CVD is that this 
technique uses a plasma to transport the ions to the wafer substrate, which is generally 
achieved at much lower temperatures. 
High density plasma deposition of silicon dioxide from TEOS or silane can be 
achieved. The latter produces near hydrogen free oxide films with good uniformity. 
The issue with this technique is that the high density plasma can cause sputtering of 
the deposited molecules, damaging the silicon interface. As with LP-CVD the oxide 
quality is not as high as a thermally grown oxide, however surface passivation will 
still occur. 
49 
In summary, thermal oxidation produces the highest quality oxide and has the 
advantage of smoothing surface roughness. Wet oxidation although faster and able to 
produce thicker oxides, leaves more dangling bonds at the interface. The mam 
drawback is the high processing temperatures limiting its use in IC fabrication. 
LP-CVD is one of the most common CVD processes due to a combination of low 
temperature oxide deposition and minimal damage to the interface of the silicon when 
compared to PE-CVD. Silane or TEOS can be used to deposit the oxide in both LP 
and PE CVD. Silane has a lower quality of oxide compared to TEOS, however TEOS 
has a large incorporation (~30% depending on parameters) of contaminants such as 
hydrogen. It has been suggested in this report that this incorporation of hydrogen may 
affect the lifetime of silicon waveguides. 
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4. Modelling 
In order to investigate the effect that silicon ion implantation has on excess loss and 
free carrier lifetime in silicon waveguides, a matrix of varying energy and dose silicon 
implants needed to be undertaken. The energies available on the high energy ion 
implanter at the Ion beam centre ranged from 200keV to 2000keV. It was important 
that this range of energies were utilised in order to produce data across the energy 
range. 
The maximum energy available implanted silicon ions to a depth of ~ 1.95 microns 
(ion range). The minimum energy implanted silicon ions to a depth of ~O . 3 microns. 
Therefore a waveguide around 1.5 microns in height would allow a series of energies 
to be undertaken. 
The Silicon photonics group at Surrey already had several wafers available containing 
waveguides. These waveguides were 1.35 microns in height with a silicon dioxide 
covering varying from O.31lm to O.61lm in thickness. Therefore, for the investigation 
into silicon ion implantation, prefabricated waveguides were chosen. A schematic of 
the waveguides can be seen in figure 4.1. 
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o Si02 low temperature 
O.52um 
Fig.4.1. Waveguide schematic showing thickness of material and its composition 
In order to estimate the ion ranges in silicon and more importantly damage peaks, ion 
implantation simulation software was used for the energies available using the high 
energy ion implanter. 
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In order to position the modelled defect peaks within the silicon rib with respect to the 
optical mode, optical modelling was performed to calculate the mode profile for the 
waveguide dimensions seen in figure 4.1. This enabled the overlap between the 
simulated defect peak and optical mode to be estimated, allowing a matrix of varying 
depth ion implantation schemes to be produced, investigating the effect of the defect 
peak in relation to modal power. 
4.1 Optical modelling using BeamPROP® 
Although pre-fabricated waveguides have been used for this research, it was 
necessary to model the mode profile for the waveguide dimensions used. This enabled 
an understanding of the position of the optical mode in relation to the waveguide in 
terms of power, and thus defect peak positions could be selected to investigate the 
effects of modal overlap with the defect peaks. 
BeamPROP is widely used within the Silicon photonics group for mode solving, mask 
design and optical radiation loss measurements for example. As such, a site licence 
was available for BeamPROP which made the program an obvious choice for optical 
modelling and mode solving. 
The objective of BeamPROP is to provide a general simulation package for 
computing the propagation of light waves in arbitrary waveguide geometries. This 
program uses a finite difference beam propagation method to solve the approximation 
to the Helmholtz equation. 
The program has several fundamental limitations listed be1ow:-
1. The fundamental limitation to the fmite difference method is the parabolic 
approximation of the Helmholtz equation, which defines a paraxiality 
condition on the primary direction of propagation. 
2. A second limitation is the assumption of scalar waves, and prevents 
polarization effects being considered. 
3. The program can not take backward reflections into account, since the wave 
equation which the program is based does not allow both positive and negative 
travelling waves. 
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The parabolic approximation used in this model limits propagation of fields primarily 
in the direction of propagation. Only a narrow range of angles between the wave 
vector and optical axis are supported. With respect to straight waveguides this 
approximation is not an issue, however for devices with angles> 1 0° for example Y-
branches, s-bends and MMI's a more complex version of beamprop® is required 
which incorporates algorithms for considering vector fields [6]. However this 
significantly increases computation time. 
The assumption of scalar fields prevents beamprop from considering polarization 
effects. With respect to the modelling carried out for this thesis a semi-vectorial 
method was utilised [6] to allow mode profiles to be calculated for the desired 
polarisation. For polarisation dependant devices such as ring resonators, a full 
vectorial method may be required to model coupling between polarisations. However 
this was not required since only an estimate for the mode profile was needed. 
The third limitation of backward reflections not being taken into account results in 
limitations when modelling resonant structures such as grating structures. In this case 
a full vector model is required. 
From explanation of the limitations of this software it should be clear that modelling 
the mode profile of straight rib waveguides is well within the limits of this software. 
As mentioned at the start of this section, mode solving was required to estimate the 
modal position inside the waveguide to enable damage ranges to be chosen. As a 
result only mode solving will be discussed in the optical modelling section. 
4.1.1 Mode Solving 
BeamPROP includes two fully functioning mode solving techniques; the iterative 
method and the correlation method. Both of these methods are based on the Beam 
Propagation Method. 
The iterative method is the default method and is generally used for most standard 
waveguide problems. The correlation method can have advantages if leaky, lossy or 
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radiating modes have to be calculated, or if a large number of modes need to be 
found. 
The prefabricated waveguides used in this research had already been modelled for 
single mode conditions; however a brief explanation on how to model mode profiles 
will be given. 
Figure 4.2 shows a contour map of the prefabricated waveguides used in this research 
project, based on the dimensions from figure 4.1. The different coloured regions 
identify the refractive indices of the material. The rib waveguide (red area) has the 
refractive index of silicon (3.5). The buried oxide and top oxide layer (pink) has a 
refractive index of Si02 (1.44). Air (black) surrounding the waveguide is given a 
refractive index of 1. 
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Fig.4.2. Contour map of the waveguide dimensions used in this study taken from figure 4.1. 
Silicon rib (red), SiOz (pink) air (black). 
In order to calculate the mode profile of the excited modes in figure 4.2 it is necessary 
to launch a field inside the waveguide. In order to check for higher order modes, the 
program user manual suggests launching a Gaussian field off centre by half the 
waveguide width. If higher order modes are generated and the waveguide dimensions 
chosen correctly, after propagation to the waveguide output these higher order modes 
should have leaked out of the rib waveguide. Figure 4.3 shows the mode profile for 
the dimensions used in figure 4.1. It can be seen that both graphs only identify the 
fundamental mode. Figure 4.3(a) is simulated via an iterative method and figure 
4.3(b) by the correlation method. It can be seen that both methods, in this case, give 
agreeable results. However the correlation method gives details of the imaginary 
refractive index which can be used to calculate the radiative loss . 
55 
~ 
c 
0 
"" 0 
e (5 
(jj 
0 
t 
Q) 
> 
1.8 
15 
12 
0.9 
0.6 
0.3 
0.0 
-03 
Computed Transverse Mode Profi le (m=0,neff=3.365868) 
1 0 
-2 -1 0 2 00 
Horizontal Direction (~) 
Computed Transverse Mode Profile (m=0 .n
eff=(3.365908 .-1.621e-008» 
1. 1~ 
1.5 
j 1.2 
:5 
''6 0.9 
G> 
~ 0.6 
tu 
0 0.3 :e 
~ 
0.0 
-0 .3 
-2 -1 0 2 0.0 
Horizontal Direction ().llTl) 
(a) (b) 
Fig.4.3. Mode profiles based on waveguide dimensions from figure 4.1 (a) iterative method (b) 
correlation method. 
Using equation 4.1 the radiative loss can be calculated for a given mode profile. In the 
case of figure 4.3(b) the loss is equal to OdB/cm, indicating no radiative losses for the 
fundamental mode. The first part of the equation is given in the beamPROP manual to 
calculate radiative losses based on imaginary refractive index and wavelength. The 
result is multiplied by 10-4 to convert to cm and then multiplied by the fmal factor to 
convert to dB. 
Im(neff ) e 47Z' - 4 10 6= e10 e--
A(JlfYl) In 10 (4.1) 
From figure 4.3 both iterative and correlation methods provide agreeable results for 
the waveguide dimensions shown in figure 4.1. However for completeness a brief 
summary of their limitations will be given:-
Iterative Method limitations 
1. Launch field must be chosen to excite all possible modes. This can be 
achieved by launching a Gaussian field off centre by half the waveguide 
width. 
2. The step size for computation of mode profiles is different than for standard 
field propagation. If the step size is too large the iteration may converge to an 
undesired mode. If the step size is too small, no benefit in accuracy will be 
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achieved, just slower computation. Repeating the calculation with decreasing 
step sizes allows for accurate computation of the mode profile. 
Correlation Method Limitations 
1. Launch field must be chosen to excite all possible modes. This can be 
achieved by launching a Gaussian field off centre by half the waveguide 
width. 
2. The propagation length defines how well closely spaced modes can be 
resolved. The longer the propagation length, the better the resolution. 
With respect to this research, both iterative and correlation methods of mode solving 
yield comparable results, and both methods have similar limitations. The aim of 
optical modelling in this section is to provide a mode profile based on experimental 
waveguide structures. Thus allowing estimates for damage peaks in relation to mode 
profile to be estimated. An example of this can be seen in figure 4.8. 
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4.2 Ion Implantation Models 
There are several methods for modelling ion implantation, each with strengths and 
weaknesses and selection of the appropriate model is usually user defined. The main 
categories of ion implantation modelling usually fall into one of the following; 
empirical, analytical or statistical. The following section highlights some of the most 
popular ion implantation modelling techniques. 
4.2.1 Empirical modelling 
The Sims Verified Dual Pearson (SVDP) model is based on data tables from the 
University of Texas. High quality data tables exist for B, BF2, P and As. The data 
tables contain information for example on dose, energy, tilt, and rotation angle. If data 
is required outside the parameter ranges, standard data tables are used. 
This model fits the user's requirements to experimentally verified data. This model is 
accurate if experimental data exists for the parameters chosen in the modelling. This 
model does not have high quality data tables for silicon. Also the energy range for 
data is from 1-200 keV. The data does take oxide into account, only native oxide of 
oxide that is 500A thick, and experiments have only been carried out for planar layers. 
For the purpose of st ion implantation into a silicon rib waveguide this model is un-
usable. High quality data does not exist for silicon ion implantation and the 
implantation energies are too low. This model does not take thick oxide into account 
which is an issue when there is up to 0.6~m of oxide covering the rib waveguide, and 
only planar structures have been verified experimentally. 
4.2.2 Analytical modelling 
Gaussian distribution 
One of the most basic ion implantation models is the Gaussian distribution. This 
model is only suitable for low ion doses (high doses can amorphise and affect 
projected range of subsequent ions) and in the absence of crystal orientation 
information, as channelling can cause a tail on the distribution. 
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Channelling can occur in single crystal silicon along the <100> and <110> crystal 
planes. Ions implanted in a channelling direction experience fewer nuclear collisions 
and are primarily slowed down by electronic interactions (electronic stopping). As a 
result the ions implanted in this way generally travel further into the lattice. 
The depth distribution, N(x) of implanted ions, normalised for an ion implantation 
dose <PI, is given by Eq (4.2). Where Rp is the projected range and ~Rp is the standard 
deviation or straggle [1] (see fig. 4.5). 
N(x) = (jJi 1 exp[_!(X- Rp J2] 
Mp(2n:)h 2 Mp (4.2) 
Fig.4.4. Gaussian Range distribution showmg projected range (Rp) and straggle (ARp) 
This type of analytical modelling, as previously mentioned, is only suitable for low 
doses and where the crystal orientation is not taken into account. This model is 
unsuitable for modelling Si+ ion implantation due to damage not being taken into 
account when using high doses. This results in a reduction of a channelling tail, as 
generated damage from the high dose prevents subsequent channelling (similar to pre-
amorphisation, where amorphous dose used prior to boron implant, for example, to 
prevent boron channelling). This model is only suitable for planar single substrate ion 
implantation modelling in amorphous materials. 
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Pearson and Dual-Pearson models 
Due to the limitations of the Gaussian distribution the Pearson model is usually used 
if a simplistic model is required. The advantage with the Pearson model is that 
asymmetrical implant profiles can be modelled, along with channelling tails (if dual 
Pearson is used). Dual Pearson uses two analytical functions to model profiles heavily 
affected by channelling. The first function defmes the peak of the distribution, while 
the second defines the channelling tail region. 
The Pearson function refers to a family of distribution curves that result as a 
consequence of solving Eq (4.3). 
df(x) _ (x - a )f(x) 
dx - bo +qx+b2x
2 (4.3) 
where f(x) is the frequency function and the constants bo, bI and b2 are related to the 
moments of f(x). The forms of the solution of the Pearson differential equation 
depend on the roots in the equation bo+bl+b2x2=O. 
The Pearson (and dual Pearson) technique is adequate for modelling ion implantation 
in planar single layer structures. However two dimensional structures and multilayer 
structures are not generally modelled due to stopping powers and range parameters 
varying for different materials, leading to inaccuracies in this type of model. 
4.2.3 Statistical simUlations 
The previous models described give good results when applied to ion implantation in 
simple planar structures (bare substrate or substrate covered by native oxide). 
However for structures containing more than one layer and for structures not yet 
studied experimentally, a more complex model is required based on computer 
simulations. 
The Monte Carlo technique is the most commonly used technique for simulating ion 
implantation in 2D multi-layer structures. The simulation of an arbitrary 2D multi-
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layer structure can have the same accuracy as an analytical model simulating a planar 
structure. 
In practice a beam of fast ions entering a crystalline or amorphous solid are slowed 
down and scattered due to nuclear collisions and electronic interaction. The implanted 
ion may cause recoils which facilitate collision cascades within the solid. These can 
either displace lattice atoms (vacancy), stop and reside in the material (interstitial) or 
the implanted ion can take the place of a lattice atom (substitutional). This can all lead 
to amorphization, affecting channelling and damage concentration. 
The only way to accurately model the physical effects of ion implantation is to use a 
statistical computer simulation. Each ion trajectory is modelled independently, 
allowing the accuracy of the model and computation time to be varied. 
With respect to st ion implantation into a multi layer rib waveguide, a statistical 
model such as Monte Carlo is the most accurate way of modelling ion range and 
damage production [1]. 
4.2.4 Monte Carlo Simulation 
The Monte Carlo method relies on the binary collision approximation to individually 
model each implanted ion. It has advantages over analytical calculations based on 
transport theory. The Monte Carlo approach allows for elastic scattering and 
determination of the angular and energy distributions. The technique relies on 
averaging over many simulated particle trajectories. 
It should be noted that although this technique is more accurate than analytical models 
for modelling 2D multi-layer structures, many assumptions are still made. These are 
as follows [1] :-
• 
• 
The target is either amorphous or crystalline; 
The interaction between the incident ion and each individual target atoms is 
treated as a binary collision, ignoring the influence of neighbouring atoms; 
• Nuclear and electronic stopping losses are treated as independent processes; 
• In each binary collision one atom is assumed stationary; 
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• The implant is equivalent to an implant at absolute zero, therefore no dynamic 
annealing or damage evolution takes place. 
For experiment 1 (ion implantation to cover a broad range of energies and doses) and 
experiment 2 (ion implantation to focus on areas which may yield low carrier lifetime 
and low excess loss values, based on experiment 1 data), room temperature ion 
implantation was performed. 
The ion ranges from simulation and experiment may differ due to dynamic annealing. 
However there is a low chance of this occurring due to low ion doses used in 
experiments 1 and 2. Samples were also mounted on a substantial heat sink, reducing 
the likelihood of dynamic annealing. 
4.3 Ion implantation modelling 
The first program used to estimate damage distributions in this work was SRIM [2] 
(Stopping and Range of Ions in Matter). This program utilises the Monte Carlo 
method for calculating defect distributions and ion ranges. 
SRIM allows the user to perform quick or complex simulations. The quick 
simulations give a guide to the damage or ion range in the target material; however 
details such as total displacements and total vacancies are not given. In general quick 
simulations were performed to give an estimation of the ion range and defect 
distribution in relation to the waveguide and oxide thickness. Complex simulations 
were then carried out based on the ranges calculated from the quick simulations. The 
complex simulations give details for example, about damage cascades and total 
displacements and vacancies. The complex calculation also allows incorporation of 
atoms from other layers, incorporated into the substrate during implantation. For 
example when simulating silicon ion implantation into a silicon substrate covered 
with Si02 it was found that at the interface there was some oxygen interstitial damage, 
caused when the silicon ion passed through the oxide into the silicon. 
Another advantage with SRIM is that the program has a range table function, this 
allows the user to enter the same parameters that would be used for a SRIM 
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calculation, (either quick or complex) however the table of ion ranges is calculated 
instantaneously. This range table uses PRAL (Projection Range Algorithm) which is 
based on the transport equation developed by lP Biersack [3]. The output file 
contains estimated ion ranges for the parameters inputted into the model. Ion ranges 
are within 5% of SRIM, however damage production is not simulated. This range 
table allows an initial "ball park" figure for implantation energy to be used for the 
quick and complex SRIM calculations, saving valuable computation time. 
SRIM uses an amorphous model; however in practice the silicon used was crystalline. 
This could lead to an error between simulated and practical ion ranges. However in 
this case since there is a relatively thick oxide covering the waveguide, the target 
material can be considered amorphous. This is because ions implanted into 
amorphous material (Si02) will not be aligned to a silicon channel when they enter the 
crystalline (silicon) material. 
The advantage of SRIM is the simulation variables can be saved as text. This allows 
the data to be manipulated in a spreadsheet, allowing accurate measurement of 
damage and ion ranges. An example of SRIM data plotted in Microsoft Excel can be 
seen in figure 4.5. 
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Fig.4.5. SRIM simulation showing the damage range of 350keV silicon ions implanted into a 
silicon waveguide with O.6um layer of Si02 at a dose of lxl0
12
cm-
2
• The data has been plotted 
using Microsoft Excel. 
The output file from SRIM was in text format. This could be easily converted to open 
in an excel spreadsheet. In order to display the data as seen in figure 4.6, it was 
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necessary to first convert the range from angstroms to microns, by dividing by 104. 
The vacancy concentration seen in figure 6.4 was initially displayed as 
number/ion/angstrom. The values were firstly multiplied by the desired dose (lx10 12 
for figure 4.6) and then by multiplied by 108 to give a volume concentration (cm-3). 
The top oxide/silicon interface was then marked on figure 4.6 to allow the distribution 
of defects to be seen in the rib waveguide. From figure 4.6 it can be seen that at 350 
keY, only the tail is present in the silicon rib. 
The second program used to estimate damage distributions in this work was Athena® 
[ 4]. Athena has the facility to simulate crystalline and amorphous substrates or 
structures. Si, Ge, GaAs, SiGe and InP are all considered crystalline, unless 
amorphous is stated in the program. 
Athena can utilise analytical, empirical or statistical models. SIMS verified dual 
Pearson is the default model, discusses in the previous section, under empirical 
models. However for multi-layer structures and the reasons given in the previous 
section, the Monte Carlo method has been utilised in the following modelling. 
The crystalline model used in Athena is based on the program CYRSTAL described 
by [5], and it is based on the Monte Carlo method. 
As mentioned previously, Athena can use a two dimensional model, whereas SRIM 
can only use a one dimensional model. This allows Athena to model structures rather 
than just substrates, allowing effects due to the shape of the structure to be modelled 
and taken into account. 
Another advantage with Athena is that waveguide fabrication can be simulated, i.e. 
the oxide deposition over the waveguide appears rounded as it would in practice (see 
figure 4.6). SRIM however, only simulates a layer of oxide that is completely 
uniform. 
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Fig.4.6. Athena simulation showing the damage range of 400keV silicon ions implanted into a 
silicon waveguide with 0.6um layer of Si02 at a dose of txl 012 cm-2• The right hand side of the 
figure shows the concentration of displacements. In this case the concentration of displacements 
in the silicon layer varies from -2xI019cm-3 to _lxI018cm-3 after 0.35flm. The legends on the left 
hand plot should be ignored. 
Figure 4.6 shows two plots, the first shows the waveguide structure after implantation 
at 400 keY with a silicon dose of lxl0 12cm-2. The Si02 oxide covering the rib 
waveguide was simulated as deposited oxide. This has more accurately simulated the 
profile of oxide found practically. As a result it can be seen that the implanted damage 
follows the shape of this deposited oxide. This effect would not be seen in SRIM as 
only substrates can be simulated. From the left hand plot it can be seen that the 
highest concentration of defects are located in the oxide, with the damage taking up 
the top third of the rib. The right hand plot is a "cut-line" taken from the central axis 
through the rib waveguide. The concentration of defects can be seen on the plot. In 
this case the defect concentration travels a distance of 0.35/-lm into the rib. This is the 
furthest point before noise appears on the plot signalling the end of range of the 
implanted damage. Taking the range further than 0.35/-lm would cause inaccuracies 
since the available statistical data is low. 
It was mentioned previously that there may be a difference between the two models 
when calculating damage range, due to SRIM using an amorphous model and Athena 
using a crystalline model in this case. Figure 4.7 compares the two models for a given 
set of implant parameters. 
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Fig.4.7. (a) Plot from Athena for a 400 keY lxl012cm-2 dose of silicon ions (b) Plot from SRIM for 
a 400 keY lx1012cm-2 dose of silicon ions. Both models have a 0.61lm layer of Si02 covering the 
surface. From these diagrams it should be clear that the range and proflle of implanted defects is 
comparable. The legend, axis and screens hot in (a) should be ignored as they are hard to read; 
the main focus of this figure is the comparable displacement profiles displayed in both figures. 
Figure 4.7 (a) shows a maximum concentration of ~5x1019cm-3 displacements at the 
interface between the silicon and the oxide, travelling a distance of ~O.35)lm into the 
waveguide (before noise starts to be present on the graph signalling end of range) . 
Figure 4.7 (b) shows a maximum concentration of ~5x1019cm-2 vacancies at the 
interface between the silicon and the oxide, travelling a total distance of ~O.3)lm into 
the silicon substrate. 
The difference in terms of total displacements into the substrate, between the two 
models in this case is ~ 15%. This is due to the difference in amorphous and 
crystalline models and due to the 1D and 2D models. In figure 4.7 (a) ions can travel 
through the side of the rib, increasing the depth of the implanted ions as the oxide is 
not as thick in this area. 
The small difference between the models is probably due to the large oxide layer 
present on the surface of the waveguide. This oxide prevents the implanted ions from 
channelling and so in some sense negates the difference between the crystalline and 
amorphous models. 
Now that implantation energy could be successfully simulated, a schematic of modal 
power in the waveguide was required to approximately estimate the losses expected, 
i.e. it was expected that defects closer to the centre of the mode, where there is the 
most power, would cause the most excess loss. Figure 4.8 shows the computed 
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transverse mode profile and contour map of the waveguide used in this study, 
calculated in Beamprop [6]. In this case it is used to simulate the power in the mode, 
in relation to the waveguide. 
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Fig.4.8. (a) Image of computed transverse mode profile for the waveguide dimensions used (b) 
contour map used to model (a) showing refractive index difference between rib (red), oxide 
(pink) and air (black). 
From figure 4.8 the modal power in the waveguide can be seen. This figure can be 
related to the ion implantation depth simulations. For example if the damage peak was 
required to be placed at the centre of the mode, this can be found from figure 4.8 to be 
at a depth of ~ l.4/J.m from the surface of the waveguide cladding. 
SRIM range tables were used to estimate the implantation energy required to reach a 
specified ion range. The parameters from this table were then used as a starting point 
for SRlM and Athena calculations to fine tune the energy to give the correct damage 
peak in the waveguide. 
Using this method an implant matrix was formulated with varymg dose and 
implantation energy. The implantation energies were chosen to place the damage peak 
from close to the surface of the waveguide, to beyond the waveguide into the buried 
oxide. 
A summary of the chosen energy and dose implants can be seen in table 4.1. The 
values inside the table represent an estimate for the damage peak inside the 
waveguide. 
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Table 4.1. Summary of implant matrix. Cells in red are from the first investigation, cells in black 
are from the second investigation. The unfilled sections of the table are due to expectation that 
poor results will be found based on previous data from experiment 1, hence experimental 
waveguides were utilised where higher impact results were expected. 
Dose em 
Energy keV 1x101Ocm-2 1x1011 cm-2 5x1011 cm-2 1x1012cm-2 1x10 13cm-2 
400 
750 
1150 
1575 
2000 
The values in red were from the first investigation into carrier lifetime modification. 
This experimental investigation aimed to investigate the effects of varied energy and 
dose Si+ implantation on free carrier lifetime and excess optical absorption in silicon 
rib waveguides. A wide mesh of energies and doses were chosen to gain insight into 
the peak of the defect distribution with respect to the optical mode propagating inside 
the waveguide. 
The second experiment was an investigation into finding the optimum dose and 
energy to allow a low free carrier lifetime with low excess loss . The starting point for 
this experiment was based on data from the first experiment. 
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4.4 Raman Modelling 
Although the work carried out in this thesis is an investigation into free carner 
lifetime reduction, the overall aim is for the data to be used to enable the fabrication 
of a defect engineered Silicon Raman amplifier. The free carrier lifetime reduction 
and increase in absorption loss need to be tailored to allow maximum gain. Without 
modelling the effects of increased absorption loss and free carrier lifetime, it is 
unclear what gain would be achievable in a defect engineered Raman amplifier. 
In the case of a low threshold Raman laser, [7] the free carrier lifetime can be altered 
by changing the reverse bias voltage, for a fixed increase in absorption from the 
implanted junctions. In the case of a defect engineered Raman amplifier, a change in 
free carrier lifetime would also cause a change in absorption loss. Therefore each case 
has to be modelled to see the effect on Raman gain. 
Assuming a low loss waveguide (~O.2dB/cm) and knowing the excess loss and free 
carrier lifetime effects for various ion implantation energies and doses, the net Raman 
gain can be calculated using the approach of Liu et al. [8]. Taking into account TP A 
and TP A induced FCA, the optical power P(z) evolution along the waveguide is given 
by equation 4.4[8]: 
dP(z) = -aP(z) _ L p2 (z) - (5N(z)P(z) 
dz Aejf 
(4.4) 
where a is the linear absorption of the waveguide with the addition of the excess loss 
value for the chosen energy and dose implant, (5 is the FCA cross section at 1550nm, f3 
is the TP A coefficient which is the third-order absorptive nonlinearity of silicon at 
1.55~m, Aeffis the effective area of the mode and N(z) is the free carrier density. For a 
continuous wave regime, the carrier density in the waveguide is given by equation 
(4.5): 
(4.5) 
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Where Ap is the pump wavelength and "Ceff is the effective carrier lifetime. 
Knowing the pump power P(z) , the probe power (Stokes power), Ps(z) can be 
calculated using equation (4.6):-
dP(z) 2f3-g d = -a~ (z) r P(z)~ (z) - O"sN(z)P (z) 
z A S 
eff 
(4.6) 
Where gr is the Raman gain coefficient and as is the free carrier absorption cross 
section at the Stokes wavelength (1684nm). From [8] a value of ~1.71 x 10-17cm2 is 
used at the stokes wavelength of 1684nm. 
These equations neglect the contribution to free carrier generation via pump-signal 
TPA, and hence is suitable for this model if Stokes intensity «pump intensity. 
For Raman modelling a probe beam with a nominal power of 2mW is used, and thus 
satisfies the condition Is< <lp; therefore TP A losses from signal-pump are ignored [8]. 
Numerically solving (4.6) using the pump power obtained from (4.4) for a probe input 
power PiO) as an initial condition, the net gain of the waveguide can be obtained 
using (4.7), where PiL) is the probe output power obtained from (4.6), and L is the 
waveguide length. 
(4.7) 
The model used in this section proposed by Liu et al [8] showed good agreement with 
their experimental results. This model also showed good agreement with a more 
complex mathematical model proposed by Passaro et al [10]. The latter model aimed 
to take non-linear effects such as Kerr effect and plasma dispersion into account, 
when describing Sal waveguides. Figure 4.10 shows a graph comparing experimental 
results from [11] with an exact solution (Passaro's model) taken from [10] and an 
approximate solution taken from [8]. 
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The "exact" solution (quasi-TM, Stokes) [10] shows very good agreement with the 
experimental data, however the approximate solution [8] differs by only 3.3%, when 
the two models are compared in figure 4.9. The model in [8] consists of two main 
differential equations and can easily be solved numerically using a program such as 
Maple, MATLAB or Fortran. 
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Fig.4.9. Net Raman gain versus pump peak intensity for a 4.8cm long waveguide, for 
experimental data[ll], exact modelling solution [10] and an approximate modelling solution [8] 
The bottom "exact" solution, dashed line in [10], (quasi-TE, Stokes) was used to show 
that in principle two probe signals aligned in orthogonal polarisations could both be 
amplified simultaneously by the same pump beam without any interference. The 
lower gain from the bottom curve (TE-stokes) is due to the effective area of the quasi 
TE differing to quasi TM. 
It should be noted that there are two wavelengths used for Raman modelling. The 
pump wavelength which in this study has been fixed to 1550nm, and the probe 
wavelength which is situated at 1686nm after a 15.6 THz Raman shift (stokes). 
The model and approach used to model Raman gain has been taken from Liu et al [8]. 
This approach assumes that the effective core area of the pump and stokes beam are 
equal. The study in section 4.4.1 also assumes the effective core area of the two 
modes to be equal. 
The effective area of a mode is defined in equation 4.8, where E represents the 
electric field amplitude and 1 is the optical intensity [9]. 
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(4.8) 
From calculation it was found that the modal areas only differed by ~3% (stokes 
mode had an increased area). It should be noted that it has been assumed that this 
small change in core area does not affect values calculated later in this thesis. 
In order to calculate the effective mode area, beamprop® was used to generate a mode 
profile. The corresponding matrix of data was used to calculate the effective core 
area. The author would like to thank Dr Y oufang Hu for effective area calculations 
reported in this work. 
4.4.1 Modelling Raman gain using Maple 
As mentioned previously the model developed by Liu et al [8] consisted of two main 
differential equations, which could easily be solved using a numerical method, and 
was only in ~3% error to experimental results [11] and a much more complex 
mathematical [10] model taking many loss mechanisms into account. 
There are many programs available to solve the model, based on a finite difference 
method. However personal choice has led to the use of Maple. This program has a 
user friendly interface, where the equations used, could be input as equations or as 
text, similar to Microsoft equation 3.0 used to write equations in text documents. 
Before Maple could be used to solve the equations listed in the previous section, all 
values had to be converted to standard units. This method was suitable for most 
values; however some values such as total loss changed with each implant parameter. 
In order to calculate the total excess loss in standard units and the simulated implanted 
lifetime, a spreadsheet was devised. Part of this spreadsheet can be seen in figure 
4.10. 
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WG Ie III 011 
Intrinsic WG loss dB/em 
Intrinsic lifetime ns 
TPA MODELLING 
Active table 
WG len th m 
0.008 
• 
b 
C 
d 
0.8 
0.2 
User defined 
Excess loss dB/em Total loss dB/em Total loss mA ·1 Lifetime reductl on ~. 1m lanted lifetime ns 
0.192 0.392 9.0261335645 72.5 1.375 
WGlen th m Excess loss dB/em Total 1055 dB/em T olal toss m"--l Lifetime reduction 0/0 
0.008 0.192 0.3920000000 9.026133565 72.5 
WG length m Excess loss dB/an T olal loss dB/em Total loss ml\,. l Lifetime reduction % 
0.008 0.25 0.45 10.36163292 79.5 
WG len th m Excess loss dB/em Total 1055 dB/em T olal loss ml\..l Lifetime reduction % 
0.008 0.54 0.74 17.0391 2969 85.' 
WG lenoth m Excess loss dBten Tolall055 dB/em Tolallo55 m"-l Lifetime reduction % 
0.008 0 0.2 4 .6051701 86 0 
Imolanled lifetime ns 400keV 1e11 
1.375 
ImDlanted lifetime ns 1400keY So ' 1 
1.025 
Imolanted life time ns 1400keV 1e1 
0.73 
Imolanled lifetime ns Intrinsic wavegu ide 
5 
Fig.4.10. A section of a spreadsheet used to calculate total loss and simulated implanted lifetime. 
The waveguide parameters were input into the yellow cells at the top of figure 4.10. 
The additional loss caused by that particular energy and dose of silicon ions was then 
added to the "active table", along with the percentage reduction in lifetime caused by 
the chosen energy and dose silicon implantation parameters. These are shown in red, 
as they are user defined. The results from the "active table" were then copied into the 
larger table in figure 4.10, denoted a-d. This table summarizes the parameters taken 
from the "active table" for different energy and dose silicon implants. 
The "total loss m-1" and "implanted lifetime (ns)" were used in Maple to calculate the 
output pump power through a defined length of waveguide. 
Equations (4.4) and (4.5) were combined and solved for a given input power P(O). 
One could then obtain the output power with the effects of TP A and TP A induced 
FCA taken into account. The combined equation can be seen in equation (4.9) . 
d fJ · p(Z)2 
- P(z) == -a' P(z) - .:....-~-
~ A~ (4.9) 
U sing Maple, the power resulting along the length of the waveguide could be 
modelled. This can be seen in figure 4.11. At the top of the figure is the equation 
used, which is the same as eq (4.9). The parameters in SI units are then listed; note 
that in this case the model is for a Ix1 01 Icm-2 Si+ implanted waveguide which is 
0.8cm in length. These parameters were taken from [8] , apart from the excess loss and 
lifetime, which were based on experimental data. 
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dq := lp(O) = PO • ..i.. P(z) = - 0. P(z) _ P p(z)2 _ J.- 0- P:h. Teif p(z)3 } 
dz Aeif 2 h c Aeff 
npar := {PO = 1000. c = 3. 108• h = 6626 10-34• Aeif= 1.5 10-12• Teif= 1 375 10-9• 0. = 9.026 1. P = 5 1O-12.:h. = 0 00000155. (J = 1 45 1O-21 ) 
nde = {P(O) = 1.000. ! P(Z) = - 9.0261 P(z) - 3333333333 p(z )2 - 1727377280 p(Z)3} 
[z = 0.008. P(z) = 0.812014652968993111) 
l.00 
0.98 
0.96 
0.94 
0.92 
p 
0.90 
0.88 
0.86 
0.84 
0.82 
o 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 
z 
Fig.4.11. Picture of Maple code and associated graph of power evolution in a O.8cm long 
lxlOllcm-2 Si+ implanted waveguide with an input power of 1 W 
The final line of text in figure 4.11 (circled in red) shows that for a length of O.Scm 
(O.OOSm) the output power for an input power of lW is S12mW (O.SI2W) when TPA 
and TPA induced FCA are taken into account for a lxl0 11 cm-2 st ion implanted 
waveguide (column a in table 4.2). In practice the input power is varied from OW to 
1 W for example in 50m W steps. The input power is replaced each time in the formula 
in figure 4.11 and the output power recorded. After this procedure is completed for 
each energy and dose a table like the one in table 4.2 is produced. 
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Table 4.2 Output power for a O.8cm waveguide with an input power up to 1 W. The table 
corresponds to the data from figure 4.11. The arrow denotes the output power value from device 
modelled in figure 4.11. 
a) 400 keY leII b) 400 keY SeII c} 400 keY lel2 I(d) Intrinsic wavcruidc 
Pin (mW) Pout (mW) Pout (mW ) Pout (mW) Pout (mW ) 
0 0 0 0 0 
50 46 45.9 43.5 48 
100 92.6 91.7 86.9 95.6 
150 138.61 137.24 130.21 142.4 
200 184.17 182.466 173.2 188.1 
250 229.27 227.31 215.9 232.5 
300 273.84 271.7 258.35 275.2 
350 317.8 315.69 300.4 316.2 
400 361 359.11 342.13 355.3 
450 403.65 401 .96 383.42 392.5 
500 445.41 444.18 424.278 427.6 
550 486.35 485.74 464.66 460.6 
600 526.4 526.71 504.5 491.7 
650 565.53 566.7 543.9 520.8 
700 603.73 606.11 582.72 547.9 
750 640.95 644.7 620.9 573.34 
800 677.18 682.487 658.63 596.9 
850 712.41 719.44 695.68 618.9 
900 .............. 746.62 755.5 732.1 639.35 
950 -....... 779.82 790.82 767.93 658.3 
1000 - 812.01 825.23 803.09 675.96 
TP A losses are only applied to the pump beam, because the probe beam power in this 
simulation was set to 2mW, too low for TPA to be caused through signal-pump 
interaction [8, 12]. 
The output power from figure 4.11 is then used as the input power for the Raman gain 
simulation. For example the input power displayed on a gain graph would show 
1 OOOm W, however for the calculation ~812m W would be used to take TP A into 
account. From table 4.2, column (a) relates to a 400 keY lxl0 11 cm-2 dose of silicon 
ions, which in turn, was calculated from figure 4.10 using equation 4.4. 
Equation 4.6 was used in Maple to calculate the probe output power. The equation 
and parameters can be seen in figure 4.l3. The main difference is that the wavelength 
has changed to the Raman wavelength (1 686nm) with the addition of the Raman gain 
coefficient gr. The Raman gain coefficient for this model was given a value of 
9.5cmlGW. This was found by Liu et al to give good agreement between 
experimental and theoretical values [8]. The free carrier absorption cross section was 
recalculated based on the Raman wavelength of 1686nm [8, 12]. 
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de ·oo {PS(O) = PO, -.i.. Ps(z) = - a Ps(z ) _ (2 p - gr ) Pump Ps(z) _ ~ (J P j, Tejj pump2 Ps(z) 1 
dz Aejj 2 h c Aeff 
npar = {PO = 0002, C = 3 108, gr = 9.5 10-11 , h = 6.626 10-34, Aejjoo 1.5 10-12 , Pump = 0 812, Tejj oo 1.375 10-9, a = 9026, P = 5 10-12, j, 
= 0.000001684, (J = 171 1O-21 } 
nde oo {PS(O) = 0.002, ! Ps(z ) = 22.39456264 PS(Z)} 
nds :== proc(xJkj45) ... endproc 
[z = 0.008, Ps(z) = 0.00239241614275908328] 
Fig. 4.12. Maple code for calculating Raman gain 
The final line of figure 4.12 shows that for a waveguide of length 0.8cm (0.008m) the 
probe output power was 2.39mW (0.00239W) using an input power (TPA taken into 
account) of 812mW (arrow from table 4.2). Therefore the probe beam has 
experienced gain. The probe beam input was set to 2m W. This value can be seen in 
table 4.3 denoted by a solid arrow. 
Using another table, the Raman gain can be calculated using equation 4.7. Using the 
same data as in figures 4.10 and table 4_2, table 43 can be produced. Note that due to 
the size of the table, only the first two implant regimes are shown. Looking back at 
figure 4.11 , this corresponds to a 400 keY lxl011cm-2 and 5xl011 cm-2 Si+ implant into 
a 0_8cm waveguide with an input pump power of 1 W. 
"Pin" gIVes the input power without TP A taken into account TP A is taken into 
account when the Raman gain is calculated, as mentioned previously. "Probe out" is 
the probe output power from the Raman calculation, and the gain is calculated in the 
table using equation 4.7. In the case of table 4.3 there is gain in both implant regimes 
shown, at 1 W input power. 
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Table 4.3. Section of Raman gain table. Parameters are O.8cm waveguide, 1 W input pump power 
and a 2mW probe beam. Solid arrow denotes value calculated from fig. 4.13. Dashed arrow is the 
associated net gain. 
IProbe Power (mW) 
RAMAN MODELLING for 400 keVenergy 
a) 400 keY 1ell a) b) 400 keY Sell b) 
Pin (mW) Probe out (mW) Raman Gain (dB) Probe out (mW) Raman Gain (dB) 
0 1.86 -0.315170514 1.84 -0.362121 727 
50 1.89 -0 .245681915 1.879 -0.271032156 
100 1.93 -0 .154726867 1.916 -0.186344909 
150 1.974 -0.056828473 1.954 -0.101054363 
200 2.01 0.021660618 1.99 -0.021769193 
250 2.045 0.096633167 2.026 0.056094454 
300 2.078 0.166155476 2.062 0.132586653 
350 2.11 0.232524596 2.096 0.203612826 
400 2.14 0.293837777 2.129 0.27 1456658 
450 2.17 0.354297382 2.162 0.33825694 
500 2.198 0.409976924 2.193 0.40008636 
550 2.224 0.461047872 2.22 0.453229788 
600 2.249 0.509594598 2.253 0.517311961 
650 2.27 0.549958615 2.281 0.570952896 
700 \ 2.2~3 0.593740591 2.308 0.622058088 
750 \ 2 . 31 ~ 0.631456371 2.334 0.67070856 
800 \. 2.33 \ 0.663259254 2.358 0.715138051 
850 \. 2.349 \ 0.698530211 2.382 0.759117615 
900 \ 2.364 \ 0.726174765 2.404 0.799044677 
950 \. 2.379 0.753644464 2.425 0.836817473 
1000 ..... 2.392 ..... 0.777311797 2.446 0.87426457 
The above procedure was repeated for different waveguide lengths, implant 
parameters and pump powers. The results of this can be seen in the results section. 
From table 4.3 it can be seen that using a dose of Ix1011 cm-2 st ions in a O.8cm 
waveguide at IW, O.77dB of gain can be produced (dashed arrow). For reference an 
intrinsic waveguide with the same length and input pump power does not achieve 
gain, but a loss ofO.ldB. 
The ability to model potential Raman gain has allowed the implant parameters to be 
optimised, to allow an efficient trade-off between free carrier lifetime and excess 
optical absorption. From the results section it can be seen that the lowest lifetime does 
not always relate to the highest Raman gain, due to trade-off s existing between 
optical absorption and Raman interaction length for a given length of waveguide. This 
is as well as the trade-off between lifetime reduction and excess loss. 
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5. Experimental Techniques 
This section details several techniques that were required to complete the research 
documented in this thesis. Due to prefabricated waveguides being used, there is no 
emphasis on fabrication techniques, instead the focus is on sample preparation and 
measurement techniques. 
Section 3.6 discussed etching and oxidation, two processes which may affect the free 
carrier lifetime and propagation loss in a rib waveguide. 
5. 1 POlishing 
The prefabricated waveguides used in this study came on individual test chips roughly 
0.8cm by 1.6cm. These test chips had been individually diced from a 6 inch wafer 
using a dicing saw. This technique of separating the individual test chips can chip the 
edges of the test chips. 
Polishing was required for two main reasons. Firstly to polish away chipped edges 
caused by dicing which prevent efficient coupling of light into the waveguides due to 
scattering and damage to the waveguide. Secondly the test chips were positioned on 
the wafer with a gap between them to allow for wafer dicing. This gap in some cases 
remained and had to be polished back to allow the waveguide facet to be present at 
the edge of the test chip. 
The silicon photonics group at Surrey had two Buehler METASERV 2000 
grinder/polishers at its disposal. One with a plastic platen which was used for course 
grades of polishing pads (silicon carbide SiC), the second with a glass platen which 
was smoother and used for finer grades of polishing pads (aluminium oxide AlO). 
The polisher consisted of a variable speed 8 inch platen (glass or plastic), a moveable 
water jet to lubricate the polishing disc and also to wash away excess material so that 
it did not cause damage to the facet being polished, and a sample holder retaining 
ring. Pictures of the polisher and platen can be viewed in figure 5.1. 
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Caution had to be taken when setting up the equipment. Firstly the polishing platen 
had to be washed and cleaned to remove any dirt particles. Even with the polishing 
disc placed on top of the platen any dirt particles present on the platen would damage 
the test chip as it was polished. 
Spring loaded 
pressure arm 
Sample holder 
arm Platen 
Water Jet 
(b) 
Fig 5.1. (a) Buehler METASERV 2000 grinder/polisher (b) Close up of platen and sample holder 
The test chip was placed perpendicular to the direction of motion of the platen. This 
was to limit the chances of damage to the test chip. If dirt was present on the platen it 
would only damage one area of the test chip rather than running along the whole edge 
of the facet. The sample was fixed using wax to the side of a rectangular aluminium 
block. This block was then placed in the sample holder and held down by the spring 
loaded arm, see figure 5.2. 
Fig.5.2. Sample holder and test chips fixed with wax. The edges to be polished are denoted. 
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The spring loaded pressure ann had to be adjusted so that the pressure was strong 
enough to gently push the facet onto the polishing disc, but not so strong that it caused 
the test chip to bow, resulting in the extremities of the chip remaining un-polished. 
Polishing began with a course grade of silicon carbide paper (2000 SiC). This paper 
was used to remove relatively large quantities of silicon on the side of the chip where 
there was space left for the dicing saw. The aim was to remove enough silicon so that 
the rib waveguide profile was visible on an optical microscope. 
After this stage both sides of the chip were then subjected to a finer grade of SiC 
paper (4000 SiC). This paper was used to remove initial chipped edges from the 
sample and to smooth out roughness caused by the first polishing stage. The sample 
edges were then checked using an optical microscope to verify that the waveguide 
profile was present, therefore showing that the excess silicon had been removed, and 
to check no substantial chips were present. 
From this point on the aim was to polish the waveguide facet rather than to remove 
material. As a result finer grades of aluminium oxide (AIO) paper were used. The 
grades used in this procedure were 1!J.m and 0.3!J.m. The value of the polishing grade 
indicates the roughness of the polishing pad (size of the crystals). Each grade was 
used in turn on each side of the sample. After each polish the sample was checked 
under an optical microscope for damage and unifonnity of polish. As the polishing 
procedure progressed the waveguide facet cross-section appeared more defined with 
fewer scratches visible on the slab region. This was because finer grades of paper 
leave less visible roughness on the waveguide facet, since the crystal size is smaller. 
Figure 5.3 shows the effect of before and after polishing using a 4000 SIC paper and a 
O.3!J.m ALO paper at the end of the procedure. 
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'1 Scratches 
(a) (b) 
Fig 5.3. (a) 200x magnified image of facets after 4000 SIC polishing pad (b) 200x magnified image 
of facets after 0.31lm polishing pad. 
Figure 5 .3(b) has less visible scratches on the facet of the waveguide compared to 
5.3(a), and the sidewalls of the waveguide are more prominent. Both of these factors 
suggest that the facets have been polished to a sufficient optical quality. 
5.2 Implant window mask 
In order to allow an investigation into free carrier lifetime modification, a method of 
measuring the excess loss introduced into the waveguides had to be found. 
The cut-back method was an option; however this method is destructive and would 
not allow measured test chips to be used for further investigation into free carrier 
lifetime and annealing studies. 
The Fabry-Perot loss technique was another option to measuring the optical losses 
induced post implantation, however this method would only be reliable for a few dB 's 
of excess loss. From Foster et al [1] , excess losses can range into 10 ' s of dB/cm. 
Implant windows have the same effect as the cut-back method, Slllce power IS 
measured in implant windows that reduce in width. However the method is non 
destructive. Unlike the Fabry-Perot technique, implant windows rely on measurement 
of output power and is a more viable option if a wide range of excess losses can be 
expected. 
82 
It was decided that implant windows were to be deposited onto the surface of the test 
chip. These windows would allow excess loss to be evaluated and ·allow free carrier 
lifetime to be measured, even on higher loss samples. 
5.2.1 Mask Design 
The distance between most waveguides on the prefabricated chips was relatively large 
(greater than 8000/-lm) due to ring resonators also being present on the chip, since the 
test chips used in this study were effectively fabricated for another experiment. This, 
coupled with the fact that the implant windows were relatively large, (> 1 000) meant 
that a high resolution mask was not necessary at this time. Due to this fact and the 
cost factor, it was decided to fabricate an acetate mask at the University of Surrey. 
The photo-resist profile produced using the acetate mask was measured on the SEM 
and it was found that the dimensions were within 15% of the stated mask dimensions. 
With the help of David Thomson a Research Assistant at the University of Surrey, a 
mask was designed using mask design software L-Edit. The mask design schematic 
can be seen in figure5.4(a) , along with a photograph of a test chip exposed to the 
mask, 5.4(b). The design was printed onto acetate using a Xerox Phaser 8400 colour 
printer. The acetate was then fixed to a 4 inch glass slide to allow the mask to be used 
in a mask aligner. The Xerox Phaser 8400 colour printer was chosen as it used a wax 
based ink. This produced a thicker more uniform masked area, more suitable for use 
in the mask aligner. 
(a) (b) 
Fig.S.4(a) Image of mask design 1 taken from L-Edit (b) image of mask design 1 exposed onto a 
test chip, highlighting implant window region. 
This mask design was used for the first investigation into free carrier lifetime and 
excess loss, denoted experiment 1 (broad range of energies and doses investigated). 
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The second investigation, aimed at highlighting regions where low lifetime and low 
excess loss would occur, was denoted experiment 2 (focusing on areas which may 
yield low carrier lifetime and low excess loss). For experiment 2, the mask design was 
transferred to a chrome mask due to the success of the acetate mask. Figure 5.5 shows 
SEM images of the photo-resist quality from the acetate mask and the chrome mask. 
It should be clear that the quality of the photo-resist from the chromium mask is much 
higher, however due to the size of the implant windows there was no noticeable 
difference when comparing results using the two different masks. 
(a) (b) 
Fig.5.5 (a) SEM image of photo-resist taken from acetate mask (b) SEM image of photo-resist 
taken from Chrome mask. 
It was decided that a photo-resist mask was to be used to fabricate the implant 
windows. This would require deposition of the photo-resist onto the surface of the 
oxide clad test chip. This process is unlikely to damage the waveguide facets and 
surface of the test chip. 
Another option was to etch implant widows into the oxide usmg a solution of 
Hydrogen fluoride (HF) for example. However photo-resist would have to be 
deposited prior to etching. Etching the surface oxide would leave the test chip 
unprotected leading to a greater chance of waveguide damage. For these reasons it 
was decided to use a photo-resist mask. The process of creating these implant 
windows in the resist mask can be seen below:-
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1. The first step was to plasma ash the test chip to remove any contamination 
from the surface. A low temperature (100°C) argon plasma was generated 
which removes any contamination from the wafer. This step allows better 
adhesion and deposition of the resist, preventing comets from occurring. These 
comets are imperfections in the resist which are transferred to the mask caused 
by contaminant particles. This process is also used to remove H20 from the 
sample surface. This is so that primer and photo-resist bond to the sample 
rather than H20 present on the sample surface. 
2. The test chip was then triple cleaned using acetone, methanol and iso-propanol 
to act as a secondary cleaning process, to remove any contaminants that may 
have remained in the Asher from previous experiments. 
3. HMDS primer was then spun onto the surface of the test chip. This primer is a 
common primer in photolithography processing. The primer bonds with the 
surface of the chip to seal out moisture, increasing adhesion between the 
photo-resist and silicon substrate. 
4. Next SPR220-7 photo resist was spun onto the surface of the test chip. The 
University of Surrey clean-room had a stock of photo-resist, which were free 
to use by trained clean-room personnel. This particular photo-resist was 
chosen as it was the only photo-resist with a large enough thickness when 
spun at low spin speeds to satisfy ion implantation masking requirements. 
From consultation of the SPR220-7 data sheet, it was found that a spin speed 
of3000rpm was required to generate a ~7/lm thick layer of photo-resist on the 
silicon test chip. From modelling in Athena it was found that at the highest 
energy, silicon ions would travel to a depth of 2/lm in the resist. A 7/lm thick 
mask would allow for error in this calculation and for sputtering of the resist 
mask at high doses, which is not taken into account in the model. 
5. The test chip was then placed onto a hot-plate for 2 minutes at 110°C to soft 
bake the resist. This step is required to re-flow the resist and prevent the 
sample sticking to the mask during exposure. Soft baking removes the solvent 
component from the photo-resist, making it more sensitive to UV light. As a 
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result the photo-resist can loose up to 25% of its thickness, another reason why 
a thick layer of resist is required. 
6. The sample with resist was then placed in a MJB3 mask aligner and exposed 
to UV light through the implant window mask. A summary of steps required 
to expose the test chip can be seen below:-
• Place the test chip with photo-resist onto the mask aligner loading draw. 
• Raise the sample towards the mask, checking the sample does not come 
into contact with the mask when fully raised. This is achieved by back 
rotating the "contact pressure arm". 
• The chip can now be aligned with the mask using X and Y micrometers. 
• Once desired position has been located, slide the contact arm to raise the 
sample onto the mask. 
• Expose the chip for desired length of time (~30 seconds). 
• Lower sample from the mask and remove. 
7. After exposure the chip is dipped in MF -319 developer which removes the 
exposed resist, leaving behind a patterned resist consisting of implant 
windows which was previously seen in figure 5.4(b). 
8. The final stage is to hard-bake the resist for 2 minutes at 130°C. This step 
hardens the resist and makes it more robust to sputtering from ion 
implantation. 
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5.3 Free Carrier Lifetime/Excess Propagation Loss 
Optical Setup 
There were two requirements of the optical setup. The fIrst was to measure the output 
power of each waveguide on a particular test chip to allow excess propagation loss to 
be evaluated. The second was to measure the free carrier lifetime of each waveguide 
to evaluate any change in lifetime between an un-implanted and an implanted 
waveguide. Both these measurements were preformed on the same optical setup. 
In order to measure the output power of each waveguide an optical setup was devised 
which can be seen in fIgure 5.6 in block diagram format. 
IR camera 
Camera Variable Broadband 
attenuator source 
Power Free space 
monitor stage 
3-axis 
central stage 
Figure 5.6. Block diagram of Power measurement optical setup. 
A set of images can be seen in fIgure 5.7(a)-(c) to complement the block diagram 
explanation. A broadband source (l530nm-161 Onm) is fIbre coupled to the free space 
stage (1). The free space stage collimates the beam which then propagates through the 
setup to reach the power monitor (7). The chip to be tested, denoted by the black 
rectangle in fIgure 5.6, is placed on the 3-axis central stage (4). The 3-axis central 
stage enables the test chip to be moved forwards and backwards, allowing all 
waveguides on the test chip to be measured. The high precision stages (3) direct the 
broadband beam through the waveguide via a piezo electric controller, and into either 
the power monitor (7) or the IR camera (6) via a flipper mirror. The high precision 
stages (3) allow the power to be optimised through the waveguide via focusing lenses. 
The IR camera (6) is used during alignment and when changing waveguides to be 
measured via the 3-axis stage (4). Once light can be seen on the IR camera the flipper 
mirror is dropped down to allow the beam to reach the power monitor. The variable 
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attenuator (2) is used to prevent the IR camera being damaged by the broadband beam 
during alignment. The power monitor consists of a detector head (7) capable of 
detecting wavelengths in the range of 800nm to 2400nm and a power meter (8) which 
displays the power in terms of Watts or dBm. 
Situated above the test chip is a standard CCD camera connected to a variable zoom 
imaging tube (5). This camera displays the test chip from top down view VIa a 
monitor (9) and allows the chip to be aligned with the focussing lenses. 
With the addition of several components, the setup seen in figure 5.7 can be used to 
measure free carrier lifetime as well as output power. The block diagram in figure 5.8 
displays the lifetime setup with the additional components required. 
(a) (b) 
(c) 
Figure 5.7. (a) Image of free space stage [1] and variable attenuator [2] (b) Image of high 
precision stages [3] , 3-axis stage [4] and CCD camera [5] (c) Image of IR camera [6] , detector 
head [7] , power meter [8] and monitors [9]. 
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The original setup for measuring power is the same as before, however after the 
power is maximised using the power metre, the left hand side focussing lens (nearest 
detector) is removed and replaced with an optical fibre . The output of the fibre is 
connected to the detector to align the fibre with the output of the waveguide. Once 
this is achieved, the fibre output is switched from the detector to a fast 12 GHz fibre 
coupled detector. This detector is then connected to a fast 20 GHz DCA (Digital 
Communications Analyser) oscilloscope. 
Figure 5.8. Block diagram showing additional components for free carrier lifetime 
measurements. 
The green beam seen in figure 5.8 represents a femto-second laser beam used to 
generate carriers in the waveguide being measured. This figure is supported by figure 
5.9 displaying the actual setup used. The beam is guided to the setup in question by a 
series of mirrors (10). It then passes through a variable attenuator onto a focussing 
tube (11) which focuses the beam before it reaches the periscope (12). The periscope 
sends the beam downwards onto the test chip (13), which is then partially reflected 
into the beam stop (14). The beam position can be changed using the top mirror of the 
periscope. The CCD camera is able to partially detect the incident beam, which allows 
it to be directed onto the waveguide being measured. In this experiment the femto 
second laser beam had a repetition rate of 100 kHz and an average power of 200m W. 
This was the maximum power available from the laser system. The pulse width, set by 
the system, was ~80fs and the wavelength of the beam was 800nm. The beam block 
was required to prevent the reflected beam from travelling any further in the setup. 
Figure 6.9(a)-(b) represents the femto-second laser beam-path in the setup . 
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(a) (b) 
Figure 5.9 (a) Diagram of Femto-second beam directed through steering mirrors [10] and 
focussing optic [11 ] (b) diagram of Femto-second beam directed onto stage via periscope [12] for 
measurement [13] and onto beam-stop [14]. 
Initially a pump beam was required with a wavelength around 1550nm. This beam 
could be sent into the waveguide collinearly with the probe beam. TP A would be used 
to generate carriers in the waveguide to be measured. However the femto-second 
beam at this wavelength had relatively low power, too low to generate free carriers 
via TPA. Due to this factor, the top down approach seen in figure 5.8 was devised. 
Due to the low power available and also because of the protective Si02 covering the 
waveguide, 1550nm wavelength could not be used for free carrier generation. 
Instead a wavelength of 800nm was chosen. Si02 is transparent at this wavelength, 
and an 800nm beam would easily generate carriers via one photon absorption, since 
silicon is not transparent at this wavelength. However since silicon is not transparent 
at 800nm it is important to calculate the penetration depth to see how far the beam 
would propagate in the silicon. Ideally the beam should travel through the entire 
waveguide to give a distribution of carriers throughout. From calculation (see section 
5.3.1) a penetration depth of 16.51lm was estimated which relates well with a 
published penetration depth of lOllm [2]. The difference in result can be put down to a 
different absorption coefficient used for the calculation. However in either case the 
800nm beam clearly propagates through the entire waveguide, which had a maximum 
thickness of 1.351lm in the rib. This top-down technique has also been used by 
Waldow et al [3] , to investigate switching speeds in silicon micro-ring resonators. 
This method of lifetime measurement is a viable option when compared to the co-
linear approach. In the co-linear approach, un-implanted and implanted waveguides 
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have to be measured separately; this can cause a discrepancy when comparing 
lifetimes as both waveguides may not have the same lifetime, as input coupling 
efficiency may vary between waveguides. Un-implanted waveguides in this work can 
vary by as much as --±O.5ns. 
However, if the top down approach is used, a single waveguide can be used to 
measure implanted and un-implanted lifetimes, by moving the beam onto the different 
implanted and un-implanted regions. Figure 5.1 0 displays this technique 
schematically. 
Pulsed Pump Beam 800nm 
II Un-Implanted region 
Implanted region 
CW Probe beam 
(Broadband source) 
Fig.S.lO. Diagram showing how top down approach allows almost simultaneous measurement of 
implanted and un-implanted carrier lifetime utilising only one waveguide. 
The advantage of this method is that near simultaneous measurement of un-implanted 
and implanted lifetime can be taken using the same waveguide. Therefore waveguide 
variation is not an issue and a true lifetime change between the two regions can be 
calculated. 
5.3.1 Calculating penetration depth 
It is important to calculate how far the 800nm femto-second laser travels into the 
silicon waveguide to ensure that the technique is a viable option to measuring free 
carrier lifetime. If the penetration depth is not larger than the waveguide, carriers 
would only be generated in part of the waveguide, potentially giving incorrect data 
about carrier lifetime in the waveguide. 
To calculate penetration depth, the absorption coefficient at 800nm is required. The 
absorption coefficient differs depending on which reference is used. In this case the 
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penetration depth was chosen from [4], which gave a value of 606cm-1. Using a 
simple equation seen in Eq 5.1, the penetration depth can be calculated as follows: 
Penetration depth = 1 = 1 = 16.5,um-l 
absorption coefficient 606cm 
(5.1) 
5.4 Rapid Thermal Annealing (RTA) 
The main requirement for thermal processing in CMOS is post ion implantation. This 
is to repair damage to the crystalline structure and to electrically activate dopants. 
Rapid thermal annealing is used over other forms of thermal processing, such as 
furnaces, due to the quick processing time on the order of several minutes. 
F or this work annealing was required to investigate the effect thermal processing had 
on free carrier lifetime and excess loss. The aim was to see if a st ion implanted 
sample could revert to intrinsic values of loss and free carrier lifetime after thermal 
processing, and to see if a "sweet-spot" producing low excess loss and low lifetime 
could be produced via annealing a high dose and energy Si+ ion implanted sample 
with high excess loss. It was known from Foster [1] that annealing would repair 
damage from ion implantation; however the effect on the free carrier lifetime was 
unknown. 
The samples annealed in this study have been annealed using a Process Product 
Corporation (PPC) rapid thermal annealer. This annealer consists of two arrays of 
tungsten halogen lamps above and below the wafer. Each array consists of nine 
tungsten halogen lamps. A schematic of the annealer chamber is shown in figure 5.11. 
Annealing is undertaken in an Nz atmosphere to reduce the likelihood of oxidation. 
However due to the age of the machine, some oxygen contamination is possible. The 
sample to be annealed is placed on the sample wafer directly above the thermocouple. 
This reduces the error between desired and actual temperature in the furnace, since the 
sample's temperature is accurately measured by the thermocouple. 
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Water cooled housing Lamp array 
Door 
Support wafer 
Thermocouple 
Fig.5.11. Schematic of the PPC rapid thermal annealer used for processing samples in this work 
The thermocouple is fixed towards the back right hand side of the wafer if looking 
from above. This location was found by Smith [5] to provide the optimum 
temperature and gas flow uniformity across the whole wafer. Figure 5.12 shows the 
sheet resistance after four point probe measurements, indicating wafer uniformity. 
The red region is the area demonstrating greatest uniformity. 
_ 
1384.563 
1372.987 
1361.412 
1349.837 Me an 
1338.262 
1326.687 
1315.111 
Fig.5.12. Sheet resistance wafer map indicating uniformity of the PPC annealer. The Red area 
has the greatest uniformity [5]. 
Samples to be annealed were always positioned in this red region of the wafer map, to 
increase uniformity of further anneals. 
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6. Results 
This chapter discusses results obtained from experimentation. The methodology used 
to achieve these results will also be given in order to give an overall view of the 
experimental method. There are four main experiments detailed in this section. The 
first experiment, denoted "experiment 1" was a primary investigation into the effects 
of varying dose and energy st ion implantation. A wide range of energies and doses 
were investigated to see what effect varying energy and dose had on free carrier 
lifetime and excess loss. Experiment 2 used the data from experiment 1 to investigate 
areas which may produce low excess loss and low free carrier lifetime. The third 
investigation was an annealing study on a high loss sample. The aim was to see if the 
sample could be thermally tuned to produce a low lifetime and low excess loss value, 
as well as seeing if the implantation process was reversible, by returning to intrinsic 
values prior to implantation. The fourth investigation was into the effects of low 
temperature deposited oxide on free carrier lifetime, when thermally processed. 
Since experiment 1 and 2 complement each other, the results will be shown together. 
The difference between the two experiments lies with the mask quality. Experiment 1 
used the highly successful acetate mask. For experiment 2 the mask design was 
deposited on chromium for increased resolution and robustness. It should be clear that 
due to the nature of the experiment the difference in resolution between the two 
experiments with respect to implant window area had little to no effect on the quality 
of the results. 
6. 1 Experiment 1 and 2 
Before the investigation into the effect of ion implantation on excess loss and free 
carrier lifetime could begin, the prefabricated waveguides had to be investigated. 
Measuring the waveguide loss prior to experimentation allowed each test chip to be 
graded with respect to quality. Any damaged or above average loss waveguides could 
be recorded so that only the best test chips would be used for experimentation. 
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It was also necessary to cleave some of the test chips to allow the profile of the 
waveguides to be measured in the SEM. This was vital as the dimensions of the 
waveguide and covering oxide would be needed to calculate ion implantation 
energIes. 
6.1.1 Waveguide Characterization 
In order to measure the propagation loss in the waveguides the Fabry-Perot loss 
technique was used [1]. This gave an average value of ~2dB/cm for the prefabricated 
waveguides. By today ' s standards rib waveguides with similar dimensions can 
achieve losses of ~O.2dB/cm [2]. The high loss value was thought to be due to the thin 
buried oxide layer (BOX) these devices had. The BOX was ~O.3flm thick, which may 
have allowed some of the mode to leak into the silicon handle below. The BOX was 
fabricated using the SIMOX (Separation by Implantation of Oxygen) process. A TEM 
image of the BOXlhandle interface verified that the technique used was via SIMOX. 
Figure 6.1 shows what appears to be hexagonal shaped regions close to the interface 
between the BOX and the handle. These are known to be silicon inclusions [3] , an 
artefact of the SIMOX process. 
Fig 6.1. TEM image showing silicon inclusions at the BOx/handle interface 
Due to the sample preparation involved with TEM it was inherently difficult to locate 
an undamaged rib waveguide profile. Due to this fact a SEM was used to measure the 
waveguide dimensions. Figure 6.2 shows a SEM image of the waveguide profile used 
in experiment 1 and 2. Taking into account fabrication tolerances [1] all the 
waveguide dimensions except one of the top oxide measurements (0.429flm) are 
within the specified tolerances. An average of the two top oxide dimensions (O.384flID 
and 0.429flm) however, does place the top oxide measurement within tolerance. 
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O.384pm 
Fig 6.2 SEM image of waveguide profile with associated measurements of key dimensions. 
6.1.2 Ion implantation 
The ion implantation parameters for experiment 1 and 2 were chosen after modelling 
was undertaken using Athena and SRIM 2008. The energies and doses chosen for 
experiment I were chosen to give a range of results. Experiment 2 parameters were 
chosen to fill in some of the gaps left from the first experimental investigation. The 
implant matrix can be seen in table 6.1 . It should be noted that the values in the table 
give the defect peak in the silicon rib. The oxide thickness is taken into account so the 
actual values are the values of the defect peak in the rib waveguide. For example an 
implantation energy of 2000 keY places the defect peak 1.35)lm into the rib 
waveguide, resulting in a defect peak at the interface between the silicon and the 
buried oxide. 
Table 6.1. Summary of implant matrix, with simulated depth of the defect profile inside the 
waveguide. The depth value is the distance of the defect peak from the top silicon/oxide interface. 
Values in red are from the first investigation, values in black are from the second investigation. 
Dose cm-
Energy keV lxl0 1ocm-2 lxl0 11 cm-2 5xl0 11 cm-2 lxl0 12cm-2 lxl0 13cm-2 
400 nJa o 11m o )lm o )lm nJa 
750 O.4J.lm O.4J.lm OA)lm O.4J.lm O.4J.lm 
1150 O.7J.lm O.7J.lm 0.7)lm O.7J.lm O.7J.lm 
1575 l)lm l)lm l)lm l)lm nJa 
2000 1.35J.lm 1.35J.lm 1.35)lm 1.35J.lm 1.35J.lm 
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Now that the implant matrix was finalised it was important to think about how the 
implant windows were going to be fabricated. After investigation it was decided that 
the simplest and least invasive process would be to deposit a resist mask. An oxide 
mask was considered, but resist would have been required in one of the steps to mask 
areas of the waveguide prior to etching windows in the oxide. Consequently, it was 
decided to use a thick resist called SPR220-7. This resist, if spun at 3500rpm, can 
produce a resist thickness of 7 Jlm. This was verified by measuring the resist profile 
with via the SEM image in figure 6.3. 
, . 
,..... " ~~ -. ......... \. " ~, ~. '~ ..... ' -
., 
Fig 6.3. SEM image of SPR220-7 resist profile spun at 3500rpm. Resist thickness is 
approximately 6Jlm thick. 
The resist was exposed under UV light using the mask to define the implant windows. 
Since the resist was positive, exposed resist was removed in the developing phase of 
the process, leaving behind areas of the chip without resist. 
The highest implant energy chosen for this experimental study was 2000 ke V. This 
energy corresponds to a predicted range of ~2Jlm through oxide and silicon. The resist 
mask is much thicker, but it was not known if the material properties of resist would 
allow the silicon ions to travel further in the resist, potentially through the masked 
regions. To simulate this possibility, Athena was used to see how far a 2000 keY 
silicon implant would travel in 7Jlm resist. The result can be seen in figure 6.4. Figure 
6.4 (a) shows a 7Jlm photo-resist layer covering a rib waveguide. The resist is rounded 
due to the rib structure underneath. Figure 6.4(b) shows the resist after a 2000 ke V Si+ 
implant using a dose of l x l0 12cm-2. In this example the resist has travelled a distance 
of ~2Jlm . 
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Fig 6.4 (a) Athena simulation of prefabricated waveguide with 7J.1m deposited resist (b) 2000 keY 
lxl012cm-2 silicon implanted into resist. Note the silicon ions only travel a distance of - 2Ilm. 
At higher doses there was a chance that the resist may sputter away, effectively 
reducing the overall thickness, however at the doses used in this investigation it was 
deemed unlikely as the longest st implant took less than 10 minutes to complete. 
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However for extra certainty it was decided to hard bake the resist for 4 minutes at 
~ 100°C [4]. Hard baking strengthens the photo-resist and makes it more resilient to 
ion bombardment, a cornmon exercise used prior to RIE etching. 
6.1.3 Excess propagation loss 
Using the technique and setup explained on pages 86-87, excess propagation loss was 
measured for each of the samples in the implant matrix. From table 6.2 it can be seen 
that for each energy and dose in the implant matrix, there are two separate test chips. 
This was partly a failsafe in the event that one of the chips was damaged; however it 
also allowed the results to be tested in terms of repeatability. The test chips denoted in 
red are from experiment 2. The implant parameters in grey were not repeated in 
experiment 2. This was due to these parameters causing little or excessive loss when 
conducted in experiment 1. Therefore due to constraints on test chip numbers it was 
decided not to include these parameters. Ion implantation at 400 ke V with a dose of 
lxl0 1ocm-2 was not carried out. This was because the loss value at 750 keY with the 
same dose was only ~0.24dB/cm. It was concluded that there would not be a 
sufficient carrier lifetime reduction using a lower energy. The blanks left in the 
lxl0 13cm-2 dose column in table 6.2 were due to excess losses using this dose ranging 
from ~80-170dB/cm., too high for any practical device in this study. 
Table 6.2. Implant matrix with test chip numbers denoted. Each energy and dose had two test 
chips for experimentation. The numbers shown in red are from experiment 2. 
Dose em -
EnergykeV 1x101ocm-2 1x1011cm-2 5x1011cm-2 1x1012cm-2 1x1013cm-2 
400 3A, 14A 6A, 20A 13A, 28A 
750 3, 4 7, 10 8A, 24A 14,23 17,21 
1150 9, 18 12, 13 9A, IA 16, 20 19, 29 
1575 2A, lOA 4A, 23A lIA, 5A 19A, 7A 
2000 8, 11 6, 15 12A, 21A 24,28 22, 27 
Each test chip as previously mentioned had implant windows deposited with resist. 
The resist window length varied from 8000llm (fully masked) to O!lll (un-masked) 
with varying lengths in-between. To aid in the understanding of excess propagation 
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loss measurements a schematic of the implant windows has been included in figure 
6.5 . 
Fully masked waveguide 
! 6000um implant window ]000 urn 
1000 urn 
.. 
4000um implant window 
, 
'-- r-r-
' IL 1000 urn 
..... .. 
3000um implant window .. 1 
I.........- r-.--
1000 urn 
2000um imp lant window 
L..--. r-.--
'IL 1000 urn 
1000um implant window .. ~ ... r 
Un-masked waveguide 
Fig 6.5. Schematic of implant window dimensions. Fully masked waveguide is 8000llm in length; 
un-masked waveguide is Ollm in length. There were two fully masked waveguides on each chip 
for normalisation. 
The broadband source was systematically coupled to each waveguide in tum, and the 
output power for each waveguide was measured. This was required because the 
prefabricated test chips did not have anti-reflection coatings, which would cause 
Fabry-perot reflections to be generated if a laser source was used, affecting the output 
power measured. 
Time was taken to ensure that alignment was optimised for each waveguide measured 
by optimising output power. Each waveguide was measured a total of 6 times for each 
test chip. This gave 12 separate measurements for each waveguide when both test 
chips for each energy and dose were taken into account. This allowed the standard 
error to be calculated as the error in the measurement. This was done by first 
calculating the standard deviation and then dividing this by the root of the sample 
size, in this case 12. 
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In order to calculate the excess propagation loss for each test chip, the insertion loss 
had to be calculated for each waveguide and plotted against its corresponding 
implanted length. The insertion loss was calculated using equation 6.1. The measured 
output power for each waveguide was converted into dB and then divided by the input 
power. The value of 4030)l W in equation 6.1 was the measured collimated input 
power coupled into the waveguide. 
IL = 10 log{ 4030,LLW ) \P measured (,LLW) (6.1) 
This insertion loss value was then plotted against the corresponding implanted length 
for that waveguide. This process was carried out for each waveguide on a specific 
chip. The result was a graph similar to the one in figure 6.6. Intuitively it is obvious 
that, as the implanted length increases, so does the insertion loss for that waveguide. 
Calculating the gradient gives the loss for that chip in dB/cm. In the case of figure 6.6, 
the excess propagation loss was ~4.4dB/cm for a 1150 keY lx10 11 cm-2 dose of silicon 
IOns. 
Chip 12 loss Plot y = 4.3922x + 11 .187 
R2 = 0.9862 
15 
14 
III 13 
'0 
...J 12 
11 
10 
0 0.2 0.4 0.6 0.8 
Implanted length em 
Fig 6.6. Graph ofloss against implanted length for a 1150 keY lxlOllcm-2 dose of silicon ions. The 
insertion loss for each waveguide is plotted against the waveguides corresponding implanted 
length. The gradient of the points gives the loss in dB/cm. In this case the excess loss introduced 
by this energy and dose is -4.4dB/cm. 
A summary of the losses measured using this technique can be seen in table 6.3. The 
mean of the 12 separate measurements was used as the average loss in each case, with 
the standard error used as the error in the measurements. From the table it should be 
clear that the error is small, suggesting that alignment was not an issue. It should also 
be noted that both chips for each energy and dose on average were in very good 
agreement with each other. Suggesting that these results are repeatable. It should also 
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be noted that even though this experiment was split into two sections, both are in very 
good agreement with each other. This is reinforced from the trends in figure 6.7. 
Table 6.3. Ion induced excess propagation loss in dB/cm for associated energy and dose implants 
Dose cm-
Energy keV Ixl01ocm-2 Ixl011 cm-2 5xl011 cm-2 l x lO 12cm-2 lx lO 13cm-2 
400 nJa 0.19±0.02 0.25±0.03 0.54±0.07 nJa 
750 0.24±0.02 1.38±0.06 6.56±0.17 l1.56±0.20 78.02±0.99 
1150 0.55±0.09 4.ll±0.05 22.38±0.14 35.59±0.19 l67.39±1.5 
1575 1.9l±0.04 4.62±0.05 27.50±0.36 53.18±0.47 nJa 
2000 1.6l±0.17 4.99±0.04 25 .l4±0.25 38.94±0.47 l71.94±1.l 
Table 6.3 shows excess loss introduced by ion implantation versus dose, for different 
implantation energies. As dose increases, so does the excess loss introduced to the 
waveguide. Excess loss also increases with implantation energy (for a given dose), 
until the highest energy of 2000ke V, at which point the peak of the asymmetric 
damage profile passes through the SOl device and is positioned in the buried oxide 
below. 
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Fig 6.7. Experimental data of excess loss versus dose for different silicon implantation energies 
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The data shown in table 6.3 is also shown in graphical format in figure 6.7. It should 
be clear that as the dose increases, so to does the excess propagation loss. As the 
energy increases, therefore increasing the modal overlap between defects and the 
optical mode, the excess loss increases more rapidly. At ~ 157 5 ke V the defect peak is 
overlapping the highest power area of the mode (see modal simulations in section 4) 
and thus highest excess losses are recorded. As the defect peak passes to the interface 
between the waveguide and BOX the concentration of defects at the highest power 
area of the mode reduces, resulting in a slight decrease in excess loss. This study may 
be intuitive to some; however the experiment was required to give quantative values 
for excess loss with respect to modal position of the defects and dose. This allows 
optimization of the parameters in experiment 2. 
6.1.4 Free carrier lifetime 
Using the technique described on pages 88-91 free carrier lifetime measurements 
were performed for each implanted test chip in turn. In order to calculate the 
percentage reduction in lifetime the following technique was employed. It was found 
that when the implanted lifetime for the smallest implant windows (lOOO/lm) was 
measured, the femto-second laser beam overlapped the implanted and un-implanted 
regions, resulting in a double exponential waveform. This was also the case for the 
6000/lm implant window when attempting to measure the un-implanted lifetime. A 
double exponential fit was used on these waveforms and showed that the two 
exponential lifetimes corresponded with the un-implanted and implanted lifetimes 
respectively, measured on the fully masked and un-masked waveguides. However it 
was decided that only implant windows where the beam would not overlap should be 
used in calculating the lifetime reduction. This was because there was still a large 
percentage of waveguides available (~70%) for measurement where no double 
exponential fit was required, reducing any errors from fitting a double exponential 
which may have been overlooked. Figure 6.8 shows via the yellow fill which implant 
windows were used for either the un-implanted or implanted lifetime measurement or 
both. 
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Implant window length Un-implanted Implanted 
Ollm (WO!) 
Ollm (W02) 
6000llm (W03) 
4000llm (W04) 
3000llm (W05) 
2000llm (W06) 
1 000 11m (W07) 
8000llm (WG8) 
Fig 6.8. Table indicating which implant windows via the yellow fill were used for either 
implanted or un-implanted lifetime measurements. 
Figure 6.9 shows an example of an exponential waveform experimentally derived 
with a non-linear exponential fitting curve. The detector used to measure the response 
of the broadband source used an inverting amplifier. Carrier generation occurs when 
the femto-second laser beam is pulsed "on", seen as almost instantaneous on the graph 
in figure 6.9. When the femto-second laser beam is pulsed "off' carriers start to 
recombine exponentially, until the curve returns to values prior to carrier generation. 
High speed electronics were utilised when measurmg the free carrIer lifetime. 
Therefore not limiting the values for carrier lifetime reported in this thesis. The 
limiting factor was the detector which can be seen from the rise time of the curve in 
figure 6.9 ~80ps. 
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Fig 6.9. Time dependence of the transmitted probe signal in a 400keV 5x1011cm-2 implanted 
silicon waveguide excited by a femto-second pump pulse. Data table shows equation used to 
calculate the fit, along with the variables from the equation (in red). In this case the decay 
constant tl has a value of 0.00073. The scale is in microseconds which relates to a 0.73ns lifetime 
in this case. 
The program used to fit this data seen in figure 6.9 was Origin. This program had a 
variety of exponential fitting functions available. In the case of figure 6.9 the first 
order exponential decay function was utilised, this is of the form:-
(6 .2) 
Where yo is the y offset, AJ is the amplitude and tJ is the decay constant. The 
programme performs a series of iterations to accurately fit the exponential fit to the 
data. This can be seen as the red curve on figure 6.9. The variables are then output to 
a table. The decay constant is the decay lifetime of the curve. In this example the 
decay constant is 0.00073 and the scale is in micro seconds. Therefore the carrier 
lifetime of this curve is 0.73ns. 
The average implanted and un-implanted lifetime for each test chip was calculated, 
along with the percentage change (reduction) in lifetime. The results from this 
experiment can be seen in table 6.4. The values in the table represent the percentage 
reduction in carrier lifetime. 
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Table 6.4. Percentage reduction in free carrier lifetime for labeled silicon ion dose and energy 
Dose cm-
Energy keV 1x101Ocm-2 1x1011cm-2 5x1011 cm-2 1x1012cm-2 
400 n/a 72.5 79.5 85.4 
750 71.27 86.15 93.74 94.021 
1150 56.22 86.55 94.47 
1575 55.011 88.15 
2000 52.171 88.46 
The change in lifetime is shown in this way as it is the easiest way to show the effects 
of ion implantation on the waveguide. Many papers in the literature only report the 
actual lifetime value after implantation. In some respects this is useless, as the starting 
values for carrier lifetimes are often different. 
From table 6.4 it is clear that silicon ion implantation has a significant effect on 
reducing the carrier lifetime in silicon waveguides. Values range from 50% to over 
90% reduction in free carrier lifetime. Due to excess loss being more prevalent at 
higher energies and doses some of the lifetimes were unable to be measured due to an 
extremely low signal. This explains the gaps in table 6.4. 
The largest reduction in lifetime was 94.47%; corresponding to a carrier lifetime of 
0.23ns. However the excess loss introduced into the waveguide for this implantation 
was high ~22.38dB/cm. In comparison, utilizing the lowest ion implantation energy 
yields an 85.4% reduction in lifetime corresponding to ~0.56ns, for only ~0.54dB/cm 
excess loss. 
The value for lifetime reduction at 750 keV lxl01ocm-2 dose appears inconsistent 
when compared with trends for the rest of the lifetime data. The higher than expected 
value for lifetime reduction could be put down to several factors. For example this 
value of dose requires the user of the heavy ion implanter to irradiate the sample for 
only several seconds. Therefore it is possible that the dose was exceeded in this 
sample. It may also be that the resist mask on this sample was not deposited correctly 
and as a result the waveguides were implanted further than expected. However due to 
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this sample not playing a major role III simulations the conclusions of this thesis 
remain the same. 
Figure 6.10 displays excess loss data for the 400ke V implantation together with the 
percentage reduction in free carrier lifetime, as a function of ion dose. The carrier 
lifetime for each corresponding dose is also shown. 
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Fig 6.10. Plot comparing excess loss and reduction in free carrier lifetime for 400keV energy with 
1011, 5x1011 and 1012cm-2 doses. As the concentration (ion implantation dose) of defects increases 
so does the excess loss and reduction in free carrier lifetime. 
Figure 6.l0 shows that for an energy of 400keV, a substantial decrease in free carrier 
lifetime can be achieved for very little excess loss. A lifetime of 1.21ns (72.5% 
reduction) can be achieved for only ~0.2dB/cm excess loss. 
Figure 6.11 displays excess loss data for the 750keV implantation together with the 
percentage reduction in free carrier lifetime, as a function of ion dose. The carrier 
lifetime for each corresponding dose is also shown. In this figure the carrier lifetimes 
are about half that seen in figure 6.10 for the same dose values. However the excess 
loss values are significantly higher for all doses due to the overlap between the optical 
mode and the ion induced defects being greater. 
Figure 6.12 displays excess loss data for the 1150ke V implantation together with the 
percentage reduction in free carrier lifetime, as a function of ion dose. The carrier 
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lifetime for each corresponding dose is also shown. In this graph the lifetime values 
closely follow those seen in figure 6.11 ; however the excess loss values are agam 
much higher than seen previously in figures 6.10 and 6.11 , due to an increased 
overlap between the optical mode and ion induced defects. As such the 1xl012cm-2 
dose of st implanted ions could not be measured with respect to free carrier lifetime. 
From comparing loss and lifetime data between figures 6.11 and 6.12 it can be 
concluded that there is no benefit from implanting at a 1150ke V, as lifetime values 
are comparable and excess loss values for the higher energy are dramatically 
increased. 
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Fig 6.11. Plot comparing excess loss and reduction in free carrier lifetime for 750keV energy with 
1010, 1011, 5x1011 and 1012cm-2 doses. As the concentration (ion implantation dose) of defects 
increases so does the excess loss and reduction in free carrier lifetime. 
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Fig 6.12. Plot comparing excess loss and reduction in free carrier lifetime for 1150keV energy 
with 1010, 1011 and 5x1011cm-2 doses. As the concentration (ion implantation dose) of defects 
increases so does the excess loss and reduction in free carrier lifetime. 
Figure 6.13 and 6.14 displays excess loss data for a l575keV and 2000keV 
implantation respectively, together with the percentage reduction in free carrier 
lifetime, as a function of ion dose. The carrier lifetime for each corresponding dose is 
also shown. Due to the excess losses associated with these two energies, only the fIrst 
two doses could be measured with respect to free carrier lifetime. Both these fIgures 
have similar excess loss values with the l575keV energy having lower lifetimes. This 
is due to the defect distribution being situated just below the centre of the optical 
mode, resulting in higher lifetime reduction. The 2000ke V energy has a defect peak at 
the interface between the BOX and the silicon, resulting in lower values for lifetime 
reduction. However both these energies have much higher losses when compared to 
lower energy Si+ ion implantation. 
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Fig 6.13. Plot comparing excess loss and reduction in free carrier lifetime for 1575keV energy 
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with 1010 and 1011cm-2 doses. As the concentration (ion implantation dose) of defects increases so 
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From comparing figures 6.10 to 6.14, it is clear that low energy Si+ ion implantation 
produces the best trade-off between lifetime reduction and excess loss. 
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The overall aim of this work is to investigate the possibility of a tradeoff between 
excess loss and free carrier lifetime. In order to be successful, an implant regime is 
required that has a low excess loss and high reduction in free carrier lifetime. Figure 
6.10 shows this regime. Lifetime reduction for a 400 keY energy is greater than 70% 
for excess loss starting from as little as 0.2dB/cm. 
Experiment I data initially showed that increasing ion implantation energy 
dramatically increased excess loss, for a very small increase in lifetime reduction. 
Increasing the dose of implanted st ions had more of an effect in reducing the carrier 
lifetime. As a result experiment 2 focussed on justifying this theory. A lower 
implantation energy of 400keV was studied, along with a new dose of 5xl011 cm-2 to 
see if a trade-off between lifetime reduction and excess loss could be achieved. A 
higher energy of 1575keV was also studied to confirm that lifetime reduction was less 
sensitive to implantation energy than excess loss. 
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6.2 Raman gain simulations 
Raman simulations were carried out based on the excess loss and carrier lifetime data 
from section 6.1. From simulations it was found that only the lowest energy (400 
ke V) gave any Raman gain. Therefore in this section only data from the 400 ke V 
energy will be used in the modelling of Raman gain. 
The process of calculating the values seen in this section can be viewed in the 
modelling section of this thesis, on pages 71-76. 
The first part of this section deals with investigating the effects of waveguide length 
for a maximum pump power of 1 watt. This value was chosen after consulting the 
literature, which showed that in general when producing a silicon amplifier or laser 
the input pump power did not exceed 1 Watt continuous wave power [2], [S-S]. In 
order to begin modelling, values for an intrinsic waveguide had to be calculated. The 
average lifetime of an un-implanted waveguide from experiment 1 and 2 was found to 
be 4±0.Sns. However the average loss of these waveguides was ~ 1-2dB/cm. This is 
relatively high compared to more recently fabricated waveguides for Raman 
processes. For example Intel used waveguides with losses of ~0.2dB/cm with similar 
dimensions to the ones used in experiment 1 and 2. It is thought the main reason for 
the difference lies in the thickness of the buried oxide layer. Intel Raman waveguides 
used a BOX thickness of 1Jlm, compared to a thickness of 0.3Jlm used in experiment 
1 and 2. 
Consequently it was decided to model excess loss and free carrier lifetime values of a 
low loss waveguide. The un-implanted lifetime was rounded to Sns and the loss was 
set to 0.2dB/cm. Modelling for a 2dB/cm intrinsic waveguide is not shown as no net 
gain was produced for any length device. 
Each section contains modelling for five different waveguide lengths. The first length 
is based on the waveguide length used in experiment 1 and 2 (O.Scm). The next length 
of interest was the length used by Intel's Raman laser (4.Scm). The other three lengths 
were chosen to be below and above the length of the Intel device. The aim was to see 
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if the Si+ implanted device had comparable efficiency to the device modelled by Intel, 
for similar device lengths [2]. 
All simulations use the following modelling parameters taken from Liu et al [2] :- a = 
0.2dB/cm, ~ = 0.5cm/GW, () = 1.45xlO-17cm-2, ()s = 1.71xl0-17cm-2, Aeff = 1.5!lm2, 
Apump = 1550nm, Astokes = 1684nm, gr = 9.5cm/GW. The Intel group reported that the 
value used for the Raman gain coefficient gr gave good agreement between theoretical 
and experimental results. 
It has already been mentioned in section 4.4 that the effective modal area of the pump 
and stokes beams has been assumed equal. 
It has also been assumed that the effective core area of an implanted waveguide is 
also equal to the core area of an un-implanted waveguide. From simulation it appears 
that for a 400 keY lxl0 12cm-2 dose of silicon ions the effective core area can increase 
by ~ 10%. In effect the mode in the waveguide is being pushed down in the rib region 
and extending in the slab region, see figure 6.15. 
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Fig 6.15 Mode profile of a waveguide implanted at 400 keY with a silicon dose of lxl0-12-cm-2• 
Note that the mode is situated lower in the rib. 
From section 6.2 it should be clear that the dose modelled in figure 6.15 is the highest 
dose to be implanted without thermal treatment. Therefore this dose would cause the 
highest percentage change in effective modal area which is ~ 1 0%. 
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This assumption that modal areas are equal leads to a 5% discrepancy in terms of net 
gain if actual modal areas for the lossy waveguide are used. Using a larger effective 
area increases the net gain, however areas were assumed equal to give the worst case 
scenario for net gain. 
6.2.1 Raman gain simulation for 1W pump power 
Figure 6.16 and 6.17 display the modelled net gain and output pump power 
respectively for a O.8cm waveguide. It should be clear that with respect to gain, all 
the implanted waveguides show net simulated gain. The un-implanted waveguide 
does not show net gain even though it has a lower loss value to begin with. This is due 
to TP A generated free carriers reducing the amount of amplified photons in the 
device, and at high pump powers, attenuating the probe beam causing negative gain 
(loss). 
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Note that the highest dose with the lowest carrier lifetime (O.57ns) does not achieve 
the highest net gain, due to the gain being unable to make up for the higher value of 
implant induced loss. The mid dose value of 5xlOllcm-2 achieves the highest net gain 
of ~O.87dB, due to the best trade-off between excess loss and carrier lifetime 
reduction. Even though this has a higher implant induced loss value, when compared 
to the lx10 11cm-2 dose, the onset of TPA reduces the gain in this implanted 
waveguide at around 700m W. 
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Fig 6.17. Modelled output pump power compared to input pump power in a 0.8cm silicon 
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From figure 6.17 it can be seen that the output pump powers for implanted 
waveguides are comparable, due to similar implanted lifetimes. The un-implanted 
waveguide however, has a higher lifetime. Therefore generated free carriers from 
TP A cause more loss in the device, lowering the output power and causing no net gain 
(see figure 6.16). 
A similar set of graphs can be seen in figures 6.18 and 6.19. In this case the 
waveguide is 1.6cm long, twice the original waveguide length. The net gain in the 
1.6cm waveguide for a 5xl011cm-2 dose is ~1.47dB, almost double when compared to 
the O.8cm length device. 
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Fig 6.18. Modelled optical net continuous wave Raman gain as a function of input pump power in 
a 1.6cm silicon waveguide for lx1011cm-2, 5x1011cm-2 and lx1012cm-2 silicon doses at 400 keY 
This seems intuitive since the gain region has doubled in size. Another feature of 
figure 6.18 is that the un-implanted waveguide now achieves gain at 1 watt, although 
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the curve has a negative gradient at this value of pump power. This is due to the 
output power in the un-implanted waveguide being reduced due to absorption loss in 
the longer waveguide. The lower power causes less FCA and TP A, and increased 
Raman interaction length due to the longer device producing higher overall net gain. 
There is also a larger gap between the two lowest implanted waveguide doses and the 
largest. This shows that with these parameters a lower excess loss and higher lifetime 
. fi' 1 12 -2 IS more pre erentla. Although the lxl0 cm curve starts to "catch up" with the 
lower dose curves, the fact that it initially has a higher loss limits the overall gain. 
800 
700 
600 §' 
.§. 500 
.. 
GI 
~ 400 
II.. 
.. 
~ 300 
.. 
~ 
0 200 
100 
0 
0 200 400 600 
Input Power (mW) 
1
'-+-400 keY 1e11 
___ 400 keY 5e11 
I 
! -+- 400 keY 1e12 
I ~ Intrinsic waveguide (0.2dB/cm,5ns) 
800 1000 1200 
Fig 6.19. Modelled output pump power compared to input pump power in a 1.6cm silicon 
waveguide for lx1011cm-2, 5x1011cm-2 and lx1012cm-2 silicon doses at 400 keY 
Figure 6.19 displays the output power for a given input power in a 1.6cm device, for 
different st ion implantation regimes. All ion implanted curves demonstrate good 
linearity with a ~ 100m W drop in pump power compared to figure 6.l7, due to 
increased linear loss in this longer device. Due to the long carrier lifetime of the un-
implanted (intrinsic) waveguide TPA induced FCA has limited the output power to 
~500mW. 
From figure 6.18 the un-implanted waveguide does produce net gain. This is due to 
the un-implanted waveguide having the lowest propagation loss. The increased 
Raman interaction length compared to the O.8cm waveguide has allowed the Ull-
implanted waveguide to achieve net gain in the 1.6cm device. 
This is also the case for the two lowest implanted doses. Since the available pump 
power is lower, a low free carrier lifetime is not as important, since free carrier 
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absorption is not as prevalent. The excess loss is now more important as the device 
length has doubled. This is why a larger gap is emerging between the two lowest 
implanted doses and the highest implanted dose. 
Figure 6.20 displays net modelled gam for vanous implant regimes m a 3.2cm 
waveguide device. In figure 6.20 the trends in results explained previously are further 
exaggerated. The highest implanted dose now has similar gain at 1 watt to the Ull-
implanted waveguide, due to a higher implant induced loss. However the curve for the 
highest dose does not saturate. 
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Fig 6.20. Modelled optical net continuous wave Raman gain as a function of input pump power in 
a 3.2cm silicon waveguide for lx1011cm-2, 5x1011cm-2 and lxl012cm-2 silicon doses at 400 keY 
It should be noted that the net gain IS now starting to saturate in the 1011 and 
5xl011 cm-2 implanted waveguides. This is probably due to the absorption of the pump 
beam as it travels through the longer waveguide. 
Figure 6.21 displays the output power for a given input power in a 3.2cm device, for 
different Si+ ion implantation regimes. Figure 6.21 shows that propagation loss is a 
serious problem for the pump beam as in the 3.2cm waveguide, output power has on 
average dropped by ~200mW compared to the 1.6cm waveguide. Due to the length of 
the device in figure 6.21, there is a distinct separation between implanted and Ull-
implanted waveguides. The 1011 and 5xl011cm-2 doses have the highest output power 
due to the best combination of excess loss and lifetime reduction for this waveguide 
length. The lxl012cm-2 has the lowest lifetime, but the highest excess loss, which in 
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this 3.2cm device is limiting net gain. The un-implanted waveguide has the lowest 
loss and achieves a higher gain than all implanted waveguides up to ~300mW. After 
this point, TPA generated free carriers limit the gain in this longer lifetime device. 
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Figure 6.22 displays net modelled gam for vanous implant regImes m a 4.8cm 
waveguide device. Figure 6.22 shows the optimum length for maximum Raman gain 
using a 1 watt pump power and the experimentally derived values for loss and lifetime 
found from experiment 1 and 2. 
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Fig 6.22. Modelled optical net continuous wave Raman gain as a function of input pump power in 
a 4.8cm silicon waveguide for lxlOllcm-2, 5x1011cm-2 and lx1012cm-2 silicon doses at 400 keY 
There is very little difference in terms of maximum gain between the two lower 
implanted doses, which is ~2.2dB. The highest implanted dose suffers from increased 
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absorption due to the increased waveguide length. This is to such an extent that net 
gain is only achieved at near maximum input pump power. 
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Fig 6.23. Modelled output pump power compared to input pump power in a 4.8cm silicon 
waveguide for lxlOllcm-2, 5x1011cm-2 and lxl012cm-2 silicon doses at 400 keY 
Figure 6.23 displays the output power for a given input power in a 4.8cm device, for 
different Si+ ion implantation regimes. It can be seen from figure 6.23 that the output 
pump power is further reduced in the 4.8cm waveguide. Simulated net gain in the 
intrinsic waveguide is higher than in the high dose sample due to attenuation, even 
though the intrinsic waveguide has less available pump power at maximum input 
power. 
For completeness one more waveguide length was modelled in this section. This 
waveguide had a length of 9.6cm. From figure 6.24 it is clear that any excess loss is a 
limiting factor when trying to achieve net gain in such a long waveguide. In this 
length device it is the intrinsic waveguide which achieves the highest net gain, even 
though the gain saturates at ~500mW input pump power. The highest dose (lxl012cm-
2) is seriously affected by the increase in length of device and produces a loss of 4dB. 
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Fig 6.24. Modelled optical net continuous wave Raman gain as a function of input pump power in 
a 9.6cm silicon waveguide for lxlOllcm-2, 5x1011cm-2 and lxl012cm-2 silicon doses at 400 keY 
This length of waveguide has a longer Raman interaction length, but less available 
pump power due to high absorption. This effectively reduces the onset of TP A 
meaning that longer lifetimes can be used to achieve gain. In long devices it appears 
beneficial to focus on reducing loss rather than reducing free carrier lifetime. 
Figure 6.25 displays the output power for a given input power in a 9.6cm device, for 
different st ion implantation regimes. For the first time the highest implanted dose 
(lxl012cm-2) has a lower output power compared to the un-implanted device. This 
drastically affects gain in this device, causing a net loss of 4dB. 
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121 
Even though the output power saturates in the intrinsic waveguide, the low loss 
waveguide achieves higher net gain due to less absorption along the waveguide, 
which is now the dominant factor in these longer devices. 
6.2.2 High pump power Raman gain 
F or investigative purposes the input pump power was increased from 1 watt to 4 
watts. The same loss/lifetime parameters were used and it was found that the extra 
power had little effect on net Raman gain in the devices modelled. It is true that the 
gain increased when compared to the 1 Watt results; however the rate of increase was 
far reduced, mainly due to the onset of TP A becoming greater. If high pump powers 
are to be used then the carrier lifetime in the waveguides needs to be greatly reduced. 
Some results are shown to give an overall impression of the effects of increasing the 
input pump power. Figure 6.26 has the same modelling parameters as figure 6.16; 
however the input pump power has been increased to 4 Watts. Due to the higher 
pump powers available, TP A is more prevalent. This results in the higher loss but 
lower lifetime waveguides achieving higher gain. In this case it is the highest 
implanted dose that achieves the highest net gain. However it should be clear that 
after ~ 1 W the gain saturates in most cases. This is also the case for the available 
pump power. Figure 6.27 shows that in high power regimes it is lifetime, rather than 
excess loss which is more important, due to the increased generation of free carriers. 
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As with the net gain plot in fig 6.26, the available output power from the modelled 
device in fig 6.27 also saturates around ~1 Watt. It is clear that there is little point in 
increasing the available input pump power above 1 watt as the extra net gain or output 
power is greatly reduced. 
Figure 6.28 shows the net gain for a 4.8cm waveguide with 4 Watts of input power. It 
is clear that gain saturates after ~1 Watt as before. However, unlike figure 6.26, the 
highest dose waveguide does not achieve the highest net gain. 
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Due to the length of the device absorption loss is now more important than in fig 6.26. 
Output pump power is lower and therefore TP A generated free carriers are less 
prevalent. Therefore it appears more important to have a good tradeoff between 
carrier lifetime and excess loss, hence the lower dose implanted samples reach higher 
net gain. 
As mentioned in the literature review p-i-n junction devices have so far reported the 
most impressive results related to Raman gain and lasing in silicon. This is because a 
p-i-n junction device has a fixed absorption loss and is able to vary the lifetime of 
carriers through changing the reverse bias [6-8]. An example plot can be seen in 
figure 6.29. Note that the starting value of loss is always the same. This is because 
there is a fixed loss associated with the implanted junction. 
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Fig 6.29. Measured and modelled probe net gain of a p-i-n diode waveguide at 
different bias voltages [2]. 
In a defect engineered Raman amplifier the starting value of loss varies depending on 
the chosen energy and dose of the implanted silicon ions, as shown in fig 6.28 for 
example. As the lifetime reduces, the excess loss increases, which in turn lowers the 
starting value for net Raman gain. This emphasises the fact that a defect Raman 
amplifier requires a trade-off between lifetime and excess loss to produce the highest 
achievable net gain. 
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6.2.3 Raman gain waveguide length summary 
This subsection summarizes the possible net Raman gain for different length 
waveguides for a particular dose of implanted silicon ions. The aim of this section is 
to emphasize the importance of achieving an efficient tradeoff between carrier 
lifetime and excess loss introduced by the silicon ions. Figure 6.30 displays the net 
Raman gain for a lxl011 cm-2 dose of silicon ions implanted at 400keV with varying 
waveguide lengths. 
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lxlOllcm-2 dose with varying waveguide lengths. 
From figure 6.30 it is clear that waveguide length is very important when determining 
net gain in a Si+ ion implanted Raman amplifier. The best length has to be chosen to 
provide a good trade-off between propagation loss and Raman interaction length, 
similar to choosing the correct energy and dose of silicon ions to provide the best 
trade-off between excess loss and free carrier lifetime reduction. For the lowest 
implanted dose (1011cm-2) it can be seen that the optimum length is ~4.8cm. 
The modelled output pump power for varying implant lengths in a 1011 cm-2 st 
implanted waveguide, shown in figure 6.31, shows output power dropping as 
waveguide length increases. This is expected since only the probe beam experiences 
gam. 
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The pump beam loses power through propagation, TP A and free carrier absorption 
losses. Figure 6.32 displays the same information seen in figure 6.30 but for a 
5xlOllcm-2 dose of silicon ions at 400keV. Both 4.8cm and 3.2 cm waveguides give 
similar net gain results. Interestingly the two shorter lengths achieve less gain than the 
longer lengths, which is due to the trade-off between propagation loss and Raman 
interaction length. However, counter intuitively the longest waveguide produces the 
lowest gain, illustrating the importance of waveguide length with respect to loss in 
defect engineered Raman amplifiers. 
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The modelled output pump power for the corresponding 5xlOll cm-2 dose can be seen 
in figure 6.33. 
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Fig 6.33. Modelled output power for 5ell dose at 400keV with different length waveguides 
Figure 6.33 demonstrates the importance of choosing the best waveguide length for 
maximum gain. Note that the two waveguide lengths which have the lowest output 
power for an input power of 1 watt happen to be the same lengths that achieve 
maximum and minimum Raman gain in figure 6.32. This characteristic is also present 
in figure 6.31. 
The highest implanted dose in this section yields the simulated Raman gain graph in 
figure 6.34. The highest dose of lxl012cm-2 only produces a gain of ~ IdB. In this 
case the defects are causing excessive losses which are exacerbated by increased 
waveguide length. 
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The modelled output power for a dose of lxl012cm-2 in figure 6.35 shows similar 
characteristics to the previous graphs in this section, relating to modelled output 
power. Intuitively it is obvious the output power for the longer waveguides becomes 
increasingly lower as the dose increases. For the shorter waveguide lengths the 
increased dose has little effect on loss inside the waveguide. 
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Figure 6.36 shows the modelled net gain for a set of intrinsic waveguides with 
varying lengths. It is interesting to see that all but the shortest length waveguides 
produce gain. The highest gain is produced in the longest waveguide. In the intrinsic 
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case, gain increases with waveguide length, since there is no extra effect of damage to 
take into account. However the maximum gain produced is still lower than that 
produced in an implanted waveguide of half the length. 
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Figure 6.37 displays the modelled output power for a series of un-implanted 
waveguides. The lifetime in these waveguides is longer compared to the implanted 
waveguides, which explains why the output power noticeably saturates as the input 
power increases. However since the propagation losses are lower in the un-implanted 
waveguides the maximum output power for the longer waveguide lengths are 
comparable for the same length waveguides that were implanted. However, for the 
shorter lengths the difference in output power is very noticeable, with no output 
power exceeding 700m W. 
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These results show that while an un-implanted waveguide can achieve net gain, over 
three times as much gain can be achieved in an implanted waveguide of half the 
length. With respect to Raman amplification in silicon, this is a much more important 
result. 
6.3 Annealing Study 
From the results it was postulated that a shallow high dose silicon implant may 
produce a better trade-off between free carrier lifetime reduction and increasing 
excess loss. One way of validating this point and investigating another, is to thermally 
anneal a previously implanted waveguide. If the waveguide has a higher dose of 
implanted ions then annealing should tune the waveguide into providing the best 
trade-off between lifetime reduction and excess loss, and show whether higher dose 
implants are more successful at producing an optimum trade-off. This would also 
suggest that high Raman gain should be possible in these devices. 
A test chip was chosen which had a pre implanted dose of lxl013cm-2 silicon ions at 
750 keY implant energy. This test chip exhibited the highest loss that could still be 
measured optically. The test chip, as implanted, yielded an excess loss of ~82dB/cm 
with a lifetime reduction of ~98% (0.06ns). Therefore this chip exhibited an excellent 
lifetime reduction but an extremely poor excess loss value. 
This study investigates the annealing of a test chip pre-implanted with a dose of 
lxl013cm-2 silicon ions with implantation energy of 750 keY. The chip was annealed 
in either 50 or 100 °e steps, each for 10 minute intervals, ranging from room 
temperature to 950 °e. The latter was the maximum temperature available using the 
rapid thermal annealer (RTA). The format of this study similar to the one performed 
by [9] to allow comparison between excess loss annealing characteristics. 
Free carrier lifetime measurements and excess optical absorption measurements were 
performed for each anneal in the temperature range. In total there were 13 anneals 
carried out for the test chip in question. 
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Figure 6.38 shows the effect of annealing temperature on excess optical absorption 
and carrier lifetime. Intuitively it is expected that the excess loss should decrease and 
free carrier lifetime increases, with annealing temperature . 
The free carrier lifetime increased from ~0.06ns at room temperature to ~6. 5ns at an 
annealing temperature of T=950 dc. The excess optical loss decreased from 
~83dB/cm to an amount so small it was deemed negligible (when experimental 
uncertainty was taken into account via repeat measurements) by 400 °C. At this 
temperature the lifetime was still ~0.8ns. 
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Fig 6.38. Graph displaying change in excess loss and carrier lifetime with anneal temperature. 
Solid line indicates mean lifetime of un-implanted waveguide with dashed lined indicating the 
error. 
The measured test chip along with the other test chips measured in this results section 
had two un-implanted waveguides used as reference waveguides. Prior to annealing, 
the lifetime of the un-implanted waveguides was ~4±0 . 5ns. Note that this value of 
lifetime has been surpassed in figure 6.38. After a 950 °C anneal, the lifetime of the 
implanted waveguides was ~6 . 5±0.5ns. This increase in lifetime above intrinsic levels 
is probably due to two main effects, which will be explained in detail later in this 
section. However to summarise, silicon re-crystallisation from RlE waveguide 
etching and hydrogen diffusion out of the low temperature oxide, improving oxide 
quality are thought to be the main reasons for higher lifetimes after annealing. 
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Figure 6.39 displays the percentage reduction in lifetime along with excess loss 
reduction. It uses the same data as figure 6.38 but displays it in a different way, that is 
useful when considering using this technique to reduce the carrier lifetime in a device. 
From previous results in this section (fig 6.22) a carrier lifetime reduction of 79.5% 
for an excess loss of 0.25dB/cm was found to result in the highest simulated Raman 
gain for an input power of IW. This was for a silicon implanted dose of 5xI0"cm-2 
with implantation energy of 400 keY. Figure 6.39 is for a silicon dose of IxlO' 3cm-2 
with implantation energy of 750 keY. At an anneal temperature of 400 °C excess 
optical absorption is negligible; however lifetime reduction of ~88% is retained. 
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Fig 6.39. Graph showing the effects of annealing on excess loss and percentage reduction in free 
carrier lifetime for an oxide clad rib waveguide. Note that after 750°C the graph becomes 
inaccurate due to the oxide affecting the carrier lifetime. 
Foster et al [9] showed that after 300°C all excess loss had been annealed from 
waveguides implanted with high dose Si+ ions. The data in figures 6.38 and 6.39 
agrees reasonably well with this data. 
From figure 6.39 it is clear that excess loss is significantly affected by annealing 
temperature. However the percentage reduction in lifetime is relatively unchanged at 
low anneal temperatures. It is thought that annealing has a similar effect to a low 
energy silicon implant, where most of the damage is situated near the surface of the 
waveguide, therefore facilitating recombination, without causing significant modal 
overlap between the implanted damage and the optical mode. Figure 6.39 show that 
132 
it is possible to achieve high lifetime reduction with very little excess loss when 
thermally tuning the device. 
After an anneal temperature of 750 °C the lifetime reduction curve increases before 
decreasing again. This increase is caused from the un-implanted lifetime increasing 
above intrinsic values prior to annealing. Since the curve in fig. 6.39 is based on a 
comparison between un-implanted and implanted lifetime, any change in the un-
implanted lifetime will affect the percentage reduction in lifetime curve. 
Therefore the carrier lifetime of the un-implanted waveguides on this test chip were 
investigated, and it was found that they varied with anneal temperature. Figure 6.40 
displays this variation. Sample 1 (un-implanted) and sample 1 (implanted) are results 
taken from the annealing study. Samples 2 and 3 were used to confirm repeatability of 
the variation in lifetime with anneal temperature. Samples 2 and 3 have less anneal 
steps, to investigate if this change in lifetime was linked to processing time, however 
results disproved this theory. From figure 6.40 it is clear that all points have a 
repeatable trend. 
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Fig. 6.40. Effect of annealing temperature on carrier lifetime. Sample 1 is used in this annealing 
study; samples 2 and 3 are used to confirm the results seen in sample 1. 
An explanation for this was devised after consultation with [4]. Referring to figure 
6.40, four distinct regions can be identified. These are defined in figure 6.40 by 
dashed lines. The red numbers ranging from 1-4 identify the four distinct regions . A 
description of the effects occurring in each region will now be given. It should be 
noted that the waveguides used in this research were pre-fabricated at Intel. It i 
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known from [1] that the deposited oxide was produced via a low temperature PE-
CVD technique. From [4] the characteristics of the deposited oxide suggest the 
following: 
Region 1. Low Temperature oxide deposition: Low temperature oxide deposition via 
PE-CVD. From annealing characteristics [4] this is most likely achieved at 100 °C 
using TEOS (Tetraethyl orthosilicate). This technique for oxide deposition has been 
discussed on pages 47-50, and can incorporate a large quantity of hydrogen from the 
reaction. The plasma deposition causes light damage (e.g. sputtering) to the interface 
of the silicon which has the effect of lowering the free carrier lifetime, as carriers 
diffuse to disordered material readily (higher concentration of dangling bonds). 
Region 2. Increase in lifetime: The free carrier lifetime increases in the un-implanted 
samples. This is due to light damage caused during oxide deposition being repaired at 
low temperatures up to ~300 0c. During interface damage repair, the lifetime 
increased to an ~8ns lifetime in figure 6.39, due to the oxide passivating the surface of 
the waveguide. The implanted lifetime does not change, suggesting an interface effect 
at the surface causing the change in lifetime. 
Region 3. Decrease in lifetime: It is possible that during TEOS oxide deposition, as 
much as 30% hydrogen may have been incorporated into the deposited oxide. At a 
temperature of 300°C - 600 °C some hydrogen will diffuse to the silicon interface 
and an amount, incorporated into the silicon. Hydrogen would act as trapping centres 
near the surface of the waveguide, reducing free carrier lifetime. In figure 6.39 a value 
of ~4ns has been recorded at 600 °C. 
Region 4. Increase in lifetime: Above 600 °C hydrogen would begin to diffuse out of 
the low temperature deposited oxide. This would result in an increase in lifetime, due 
to the concentration of trapping sites decreasing. At this temperature silicon starts to 
re-crystallize, repairing damage caused by RIE etching. Hydrogen diffusion out of the 
oxide reduces trapping concentration and increases oxide quality, resulting in a higher 
lifetime due to enhanced surface passivation from the higher quality oxide. Silicon re-
crystallization from RIB etching at this temperature also contributes to an increase in 
lifetime to a value of ~8ns in figure 6.40. 
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From the discussion of figure 6.40, it is postulated that the low temperature deposited 
oxide is the main cause for the varying lifetime. These effects are not seen in the 
implanted waveguide in figure 6.40; suggesting variation in lifetime is due to surface 
effects caused mostly by hydrogen diffusion and improvement in oxide quality, 
increasing surface passivation. 
To verify that the low temperature deposited oxide was causing these effects, the 
oxide was removed from an un-implanted sample using Hydrogen Fluoride (HF) after 
a 200°C anneal. The intrinsic lifetime prior to annealing was ~4.5ns which rose 
sharply to ~ 7ns after annealing at 200°C. This trend followed that seen in figure 6.40 
for an un-implanted sample. The sample was re-measured without an oxide and then 
annealed from 400°C to 950 °C in ~200 °C steps. The results can be seen in figure 
6.41. This figure displays free carrier lifetime for varying anneal temperatures. After 
200°C the oxide is stripped off the waveguide. 
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Fig 6.41. Effects of removing oxide layer from a silicon rib waveguide. Note that the lifetime 
decreases with the removal of the oxide 
With the oxide removed the carrier lifetime dropped to a value of ~ 1.2ns. Without the 
oxide the silicon interface now has increased recombination centres due to an un-
passivated surface, hence a greater concentration of dangling bonds. 
Subsequent anneals show little change in the carrier lifetime with the oxide removed 
until ~800 °C when the lifetime starts to rise to a value comparable to an un-
implanted lifetime prior to annealing and oxide removal. 
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An explanation for this increase in lifetime is most likely due to silicon re-
crystallisation and oxide growth. As mentioned previously re-crystallization starts to 
occur at ~600 °C and would repair damage caused by reactive ion etching. Thermal 
oxidation usually occurs ~800 °C and 1200 °C [10], and would increase the native 
oxide thickness, to produce a thin thermal oxide, passivating the surface further. 
Oxidation occurs in this case due to possible oxygen contamination in the nitrogen 
atmosphere inside the annealer. 
Figure 6.39 shows that it is possible to achieve high lifetime reduction with very little 
excess loss when thermally tuning the device. At 750°C the lifetime reduction curve 
increases sharply before decreasing again. The reason for this is probably due to the 
effects of the deposited oxide. From figure 6.40 it can be seen that in the case of 
sample 1, the implanted lifetime has recovered to the level of the un-implanted 
lifetime. However after 750°C both curves rise to a value beyond the intrinsic 
lifetime. The un-implanted sample rises further, causing the percentage reduction in 
lifetime to increase. Note that the change in lifetime is thought to be a surface effect, 
most likely caused by modification of the silicon/oxide interface with annealing. In 
figure 6.41 the same trends seen for oxide covered samples did not occur. Without an 
oxide the lifetime remained almost constant before returning to an intrinsic value of 
lifetime, probably due to silicon re-crystallisation, helped by a thin thermal oxide 
grown in a possibly contaminated nitrogen atmosphere. 
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6.4 Raman modelling of annealed sample 
This section investigates the possible net gain that could be achieved in a low loss 
waveguide using the experimental values obtained from the annealing study. The 
simulations use the same modelling parameters used previously in this results section, 
but with updated values for excess loss and free carrier lifetime. The same waveguide 
lengths were used to provide a comparison between implanted and thermally tuned 
waveguides. In this section it was decided to only concentrate on the net gain 
achieved and as a result the output pump power graphs will not be shown. 
The first Raman amplifier to be modelled had a length of O.8cm; this can be seen in 
figure 6.42. 
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Fig 6.42. Modelled optical net continuous Raman gain as a function of input pump ~ow~r f?r 
different temperature thermal anneals. The values in brackets are total loss and carner hfetime 
for that particular temperature. The waveguide length is O.8cm. 
Even with the shortest length device any excess loss is detrimental to the performance 
of this simulated Raman amplifier. Unexpectedly the second shortest lifetime with 
near zero excess loss produces the highest net gain. The maximum gain in this length 
device is ~ 1.3dB, compared to previous results this is an increase of ~O.4dB. 
Therefore in a O.8cm waveguide, the thermally tuned device performs better than for 
an as-implanted sample. 
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The next length device to simulate is a 1.6cm Raman amplifier. Figure 6.43 displays 
the net gain achieved in this simulated Raman amplifier. 
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The maximum net gain achieved for an as-implanted simulated Raman amplifier was 
~1.5dB, using a silicon dose of 5xl011cm-2 and a 400 keY implant energy. The 
maximum net gain achieved in the thermally tuned sample is 2.4dB, this was for a 
400°C anneal, resulting in near zero excess loss and a carrier lifetime of 0.6ns, a 
lifetime reduction of ~88%. This is roughly 10% higher than for the as-implanted 
sample, however that device had an excess loss of 0.25dB/cm. It appears from results 
that limiting the excess loss is significantly more important than reducing the free 
carrier lifetime in long devices. For example the 550°C annealed sample achieves 
higher net gain than the as-implanted sample, even though it has a higher lifetime of 
~ l.4ns compared to ~ Ins. The only difference is that the annealed sample had 
negligible excess loss. 
The trend in increased net gain in the thermally treated samples continues for the 
3.2cm simulated Raman amplifier. Figure 6.44 displays the net gain for a 3.2cm 
simulated Raman amplifier. 
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different temperature thermal anneals. The values in brackets are total loss and carrier lifetime 
for that particular temperature. The waveguide length is 3.2cm 
The maximum net gain is achieved with a 400°C thennal anneal, resulting in a net 
gain of ~4dB. The as-implanted sample from the previous set of results achieved a net 
gain of ~2.1dB. 
The previous set of as-implanted samples began to saturate in tenns of gain at around 
4.8cm. However due to the low or negligible excess loss exhibited by the thennally 
treated sample this was not the case. Figure 6.45 displays data for a thennally treated 
simulated Raman amplifier with a length of 4.8cm. Maximum gain was achieved for a 
400°C thermally treated sample, yielding a net gain of ~5.2dB. 
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The same parameters were used to simulate gain in a 9.6cm waveguide. Previously 
the extra loss associated with the as-implanted samples meant that there was no 
advantage in having a longer device. In fact the gain was lower in the 9.6cm device 
when compared to the 4.8cm device. In the case of the annealed sample, this was not 
the outcome. In fact the longest device achieved the highest net gain. Figure 6.46 
shows the simulated net gain for a 9.6cm waveguide. 
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For a 9.6cm waveguide the highest simulated net gain was 6.7dB for a 400°C thermal 
anneal. This is the highest simulated gain achieved for an input power of 1 W. 
However the gain is only 1.5dB higher than for a 4.8cm device, half the length of this 
device. Therefore in terms of gain to length of the device the 4.8cm length has the 
best trade-off between gain and waveguide length. 
6.5 Summary 
This section has shown that thermally treating a sample with high initial excess loss 
can tune the device to produce net gain, by producing an efficient trade-off between 
lifetime reduction and associated excess loss. A sample treated up to 400°C achieved 
the highest overall net gain, when taking implanted length into account. In the 
thermally treated samples the 9.6cm waveguide produced the highest gain in this 
investigation; however the extra gain was out weighed by the implanted length 
required. 
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7. Summary and Conclusions 
The objectives of the research presented in this thesis were two fold: 
1. Show that free carrier lifetime of silicon waveguides could be modified via 
silicon ion implantation. 
2. Show that a trade-off could be found with respect to free carrier lifetime 
reduction and the increase in associated excess loss, to allow net Raman gain 
to be simulated using experimental values measured in this thesis. 
Varying energy and dose ion implantation using silicon ions, to cause localised 
damage was investigated as a technique to reduce the free carrier lifetime in silicon. 
Pre fabricated silicon rib waveguides were used with a profile of height of 1.35 Ilm, 
slab height of O.521lm and an oxide covering of O.31lm over the rib section and a 
further O.31lm covering the whole test chip. 
Ion implantation modelling was carried out using SRIM and ATHENA to calculate 
the ion range and damage distribution in the waveguide structure. 
Parameters from initial lifetime modification results were then optimised to produce a 
trade-off between excess optical absorption and free carrier lifetime modification. 
Thermal treatment was investigated as an alternative technique to optimising the 
trade-off between lifetime and excess optical absorption. Instead of varying ion 
implantation parameters it was thought that annealing a high dose, high energy 
sample could yield similar results in terms of an efficient trade-off between carrier 
lifetime and excess loss. 
Raman modelling was performed for the implant parameters and annealing 
parameters which provided the best trade-off between lifetime modification and 
excess optical absorption. 
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7. 1 Experiments 1 and 2 
The ion implantation parameters chosen for experiment 1 were designed to give a 
broad range of values for excess loss and free carrier lifetime reduction. Investigating 
implantation energy and dose at different regions in the waveguide allows the 
optimum region for implantation to be evaluated, since at the start of this work it was 
not known where the optimum position for the ion induced defects was to be located. 
From the results of experiment 1 it was found that lifetime reduction and excess loss 
were both dose dependant. However it was found that with respect to implantation 
energy (position of defects in the waveguide) it was the excess loss that was more 
sensitive. 
Results showed that whilst an increase in ion dose affected the excess loss and 
lifetime, only excess loss was significantly affected by changing energy, due to the 
position of the defects in relation to optical mode. For a small change in lifetime, 
there was a significant change in excess loss. 
Experiment 2 verified the conclusions drawn previously. A similar reduction in free 
carrier lifetime could be achieved with energies of 400 ke V but with drastically 
reduced excess optical loss. For example ion implantation parameters of 400 ke V 
lxl012cm-2 gave a lifetime reduction of ~85% for ~0.54dB/cm excess loss. This was 
compared to 2000 keY lxlO llcm-2 which gave a lifetime reduction of ~88% for 
~5db/cm excess loss. 
It was clear that in order to achieve an efficient trade-off between carrier lifetime and 
excess optical absorption, low energy ion implantation with high doses was required. 
This was demonstrated conclusively through experiments 1 and 2. 
The optical power at the surface of the waveguide was small, because most of the 
optical power was in the mode propagating in the centre of the waveguide. Therefore 
a low ion implantation energy locates the damage caused by the implanted silicon 
ions in this low power region. Therefore the modal overlap between the defects and 
1.+3 
the optical mode is low. However since diffusion in silicon is re1atiyely fast [1], 
carriers will still diffuse to near surface defects almost as fast as those situated close 
to the centre of the rib. This is clear from the evidence that varying energy does not 
change the reduction in lifetime significantly. 
This is possibly the best result that could have been anticipated. In essence there is 
little change in the reduction in lifetime whether the defects lie close to the surface of 
the waveguide or close to the centre of the waveguide. The only difference lies in the 
amount of excess optical absorption that is present, due to increasing overlap between 
ion induced damage and the optical mode. 
This is a significant addition to the literature. Previous work into lifetime modification 
was mainly devoted to varying dose rather than ion energy [2, 3]. By varying the 
energy as well as the dose of implanted silicon ions, an efficient trade-off between 
excess loss and lifetime reduction can be produced [4]. Therefore it was concluded 
that shallow high dose silicon implantation was required to produce the most efficient 
trade-off between excess loss and free carrier lifetime, thus producing higher 
theoretical Raman gain. 
Raman modelling of the experimental results from experiments 1 and 2 were based on 
the model by Liu et al [5], who demonstrated good agreement with their experimental 
results. They used waveguides which had comparable dimensions to the ones used in 
this work. 
The rib waveguides used in this work could not be used to produce amplification due 
to their high intrinsic loss value (l-2dB/cm), caused mainly by a thin buried oxide 
layer. The group from Intel used rib waveguides with an intrinsic loss of only 
O.2dB/cm. 
Due to cost factors and machine limitations such waveguides could not be fabricated 
at the University of Surrey. Therefore the carrier lifetime modification technique was 
used theoretically via modelling for, low loss waveguides, similar to the ones 
fabricated by Intel [5]. This was to investigate whether the experimentally deriyed 
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values for free carrier lifetime reduction and associated excess loss could theoretically 
achieve net Raman gain in an amplifier. 
7.2 Raman gain simulations 
P-N junction devices have a fixed loss associated with them, due to the position of the 
junction in relation to the optical mode. The effective lifetime of the carriers is altered 
by increasing or decreasing the reverse bias. Therefore this type of device has a fixed 
loss with a varying lifetime. 
In a defect engineered device, altering the lifetime also alters the excess loss. In this 
work two input pump powers were chosen, 1 watt and 4 watts. Since excess loss 
changes with lifetime reduction there must also be an optimum length device. A trade-
off must therefore exist between Raman interaction length and waveguide loss. 
7.2.1 Pump power of 1 W 
From the modelling in experiments 1 and 2 it was found that the highest lifetime 
reduction did not always produce the highest Raman gain. For a 1 watt input pump 
power it was mainly the 400 keY, 5xlOllcm-2 dose which produced the highest gain. 
As the length of the device increased and the effect of any excess loss was 
exacerbated due to the longer absorption length, gain difference between the 5x 1 011 
and 1 x 1 0 11 cm -2 doses decreased. This was clearly due to the extra excess loss being a 
dominant factor in long waveguides. Similarly the gain difference between the 
lxlOl2cm-2 dose waveguides and the other two implanted doses, increased with 
waveguide length. 
In the case of a 1 watt input pump power, waveguide length as well as the implant 
regime to facilitate lower carrier lifetime is equally important. Modelling has shown 
that gain does increase for certain 400 ke V doses with waveguide length, due to an 
increasing Raman interaction length. However there is a point when the waveguide 
becomes so long that the small amount of excess loss dominates and reduces the 
available net gain. This was seen when comparing a 4.8cm waveguide with a 9.6cm 
waveguide. For waveguides shorter than 9.6cm, gain increased with wayeguide length 
for doses of lxlOll and 5xl011 cm-2. However at a length of9.6cm it was the intrinsic 
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waveguide which exhibited the highest simulated net gain, although this gain was 
lower than previously recorded in all but the O.8cm long implanted waveguide. 
Therefore it is not always beneficial to increase the length in a silicon implanted 
Raman amplifier due to the trade-off between lifetime reduction, Raman interaction 
length and propagation loss. 
Although producing a 9.6cm waveguide will allow gain without implantation, the 
same gain could be achieved in a 5xlOllcm-2 implanted waveguide with a length of 
1.6cm. 
7.2.2 Pump power of 4 W 
There is a reason why most of the modelling in this research and indeed by other 
groups [3,5] uses a 1 watt input pump beam in simulations. Although a four watt 
pump beam does predict higher gain, there is little point since the gain curves saturate 
around 1-1.5W input pump power. 
It is interesting that with this extra input power, the effects of TPA are increased since 
the highest implanted dose of lxl012cm-2 produced the highest gain in a O.8cm 
waveguide with a 4W pump power. Unlike the 1 watt case, a lower lifetime is more 
important than low excess optical absorption in a short waveguide. However as the 
waveguide length increases the effect of absorption loss becomes more dominant and 
the 5xl011cm-2 dose once again produced the highest gain using a 4W input pump 
power. This trend continued even for the longest waveguide (9.6cm), showing that for 
high pump powers, lifetime reduction is more important than excess loss reduction. 
However as mentioned previously there is little point in using these high powers with 
the present lifetime and excess loss values since the gain saturates around 1-1.5W. 
This was also shown to be the case in the experiments reported by Intel [5]. 
This section has shown that it is not only the effective trade-off between carrier 
lifetime reduction and excess loss that is required to produce maximum gain, but also 
the trade-off between Raman interaction length and loss per unit length. 
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A dose of 5xl0
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cm-
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implanted into a 4.8cm waveguide was shown via simulation, to 
produce the highest net gain of ~2.2dB. If the length was decreased then the reduced 
Raman interaction length produced less gain in the device even though the overall 
propagation loss was lower. If the length was increased, the excess loss dominated 
over Raman interaction length in the longer device and reduced overall net gain. since 
the device was unable to compensate for the increased implant induced loss. 
7.3 Annealing Study 
From experiment 1 and 2 it was concluded that to increase the efficiency of the trade-
off between lifetime reduction and excess loss, to achieve higher theoretical Raman 
gain, shallower high dose silicon implants were required. 
It was thought that thermal treatment of a high dose, high energy samples may be able 
to produce a trade-off similar to that of a shallow high dose sample, since the damage 
would anneal out of the waveguide with increased temperature. Therefore if annealing 
a high energy and dose sample proved successful in producing an efficient trade-off 
between lifetime and excess loss it would show that thermal treatment of a non-
optimal implant could be thermally tuned to approximate the trade-off of a near-
optimal shallow high dose implant. Annealing a high dose sample would also confirm 
the idea that higher dose samples are more beneficial in producing a better trade-off 
between lifetime and excess loss, since previous conclusions drew on the idea that 
lifetime reduction was dose dependant rather than energy dependant. 
Annealing of an implanted test chip, with a dose of lxl013cm-2 silicon ions and an 
energy of 750 keY, proved more interesting than had been initially expected when 
planning the experiment. 
It was initially thought that annealing an implanted test chip would reduce the excess 
loss and increase the free carrier lifetime. Foster et al. had already performed an 
annealing study on a silicon implanted waveguides using SC ions, although only 
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excess loss was investigated [6]. Therefore the annealing study in section 6.3 was 
designed to be similar to their study to allow comparison between excess loss results. 
Up to an annealing temperature of 650°C the hypothesis of excess loss decreasing 
and carrier lifetime increasing was up held. Excess loss returned to intrinsic levels by 
~400 °e. This is comparable with the data recorded by Foster et al who stated that 
loss returned to intrinsic levels by 300°C [6]. At this annealing temperature the 
lifetime was ~0.8ns, much lower than the average un-implanted value of 4ns. The 
carrier lifetime continued to increase slowly up to 650°C, then at 750 °C the lifetime 
increased more rapidly surpassing the average un-implanted lifetime to reach a value 
of ~5ns. This trend continued up to the maximum anneal temperature of 9500C, 
resulting in a lifetime of 6.5ns. 
Initially it was thought that the increase in lifetime above intrinsic levels was due to 
the annealing removing damage caused during etching using the RIE technique. 
However this theory was found to be inaccurate once the lifetime of the un-implanted 
waveguides on the same test chip were measured. When the un-implanted waveguides 
in the same test chip were measured, they were found to vary with annealing 
temperature. Two further annealing studies were performed on two un-implanted test 
chips. The results were comparable with the initial test chip. 
The reason for the un-implanted lifetime variation was thought to be a surface effect. 
This is because the implanted lifetime curve only started to follow the trend of the un-
implanted samples when the lifetime reached intrinsic levels. Therefore, before this, 
the lower implanted lifetime dominated. This explains why the lifetime of the 
implanted sample increased rapidly past 750°C, as this is the temperature at which 
the implanted lifetime reached intrinsic levels. 
At this point it was still thought that the variation in lifetime was due to a surface 
effect, due to the implanted lifetime being immune to the lifetime variation prior to 
the lifetime reaching intrinsic levels. 
To verify this point another un-implanted test chip was used. The lifetime increased 
from ~4.5ns to ~ 7ns after a 200°C thermal anneal, which corresponded to the trends 
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seen in previous un-implanted samples. With the hard oxide and low temperature 
oxide removed from the waveguide surface, the lifetime dropped to -l.2ns. Further 
annealing did not change the lifetime until 950°C when the lifetime returned to 
-4.5ns. 
The removal of the oxides' confirmed that the varying lifetime was an interface effect 
caused by the oxides. With the oxides removed the lifetime did not vary with 
annealing temperature. The lifetime decreased with removal of the oxide which is 
intuitively expected, since the silicon surface is now un-passivated and a greater 
concentration of recombination sites exists, due to increased concentration of 
dangling bonds. The lifetime did increase back to -4.5ns which is probably due to the 
native oxide growing with thermal processing, smoothing the silicon surface at high 
temperatures and passivating the surface. 
Although removal of the oxide had the effect of reducing the carrier lifetime by ~ 73 % 
it is unlikely that this technique alone would allow a Raman device to be produced. 
Oxide is required for protection as well as providing a separation layer between 
components in future integrated devices. Also, with high temperature annealing it has 
been suggested that the native oxide grows and smoothes the surface of the 
waveguide restoring the lifetime to levels seen before the oxide was removed. 
7.3.1 Raman modelling of annealed sample: 
From the annealing study several regimes were identified which allowed high lifetime 
reduction for very little or negligible excess loss. The result was a much more 
efficient trade-off between lifetime reduction and excess loss. For a 4.8cm device the 
net gain increased from -2.2dB, as-implanted to -5.2dB for a 400 °C annealed 
sample. The reason for the increased gain was a lower lifetime and negligible excess 
loss. 
With respect to the 4.8cm device, all anneal temperatures shown in the annealing 
study produced net gain higher than 2.2dB, although the higher temperature~ 
(450,550,650 DC) had much higher lifetimes compared to the as-implanted device 
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(400 keY 5xIOllcm-2). The reason for the higher gain is due to the negligible loss 
associated with the lifetimes in the annealed samples. 
The highest net gain was modelled in the longest device (9.6cm), made possible due 
to the negligible excess loss values for low carrier lifetimes. A simulated net gain of 
6.7dB was achieved in this device. However due to the extra length and small increase 
in net gain, the 4.8cm waveguide was seen as the overall optimum device. 
This annealing study has shown that thermal treatment of a high dose high implant 
energy sample with an initial excess loss in excess of 80dB/cm can produce a 
simulated net gain of 5.2dB in a 4.8cm device, far surpassing the as-implanted net 
gain of 2.2dB in a lower energy and dose sample. 
To conclude this sub section, it has been shown that thermal treatment is an effective 
technique to tune an implanted test chip to achieve a more efficient trade-off between 
excess loss and free carrier lifetime reduction. 
It has also been shown that a higher gain was achieved in a sample implanted with the 
highest lxl013cm-2 dose of silicon ions in this study, demonstrating to an extent, that 
high dose samples provide a better trade-off between excess loss and free carrier 
lifetime. 
7.4 Summary 
This thesis has demonstrated that silicon ion implantation is able to modify the free 
carrier lifetime of silicon rib waveguides. By changing the energy and dose of silicon 
ions implanted the trade-off between excess loss and free carrier lifetime can be 
changed. 
From results it has been concluded that shallow high dose silicon ion implantation is 
the most efficient way of producing a high lifetime reduction with low excess loss 
introduced to the waveguide. 
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This technique has demonstrated simulated net gain in a low loss rib waveguide of the 
order of ~2.2dB in a 4.8cm device. 
Thermal annealing of a device with a high dose and high implant energy can tune the 
device, and allow an efficient trade-off between excess loss and free carrier lifetime to 
be produced. Excess loss can be reduced to a negligible level by ~400 °C anneal, 
while still producing a high lifetime reduction. This technique of annealing higher 
dose samples has allowed a simulated net gain of 5.2dB to be produced in a 4.8cm 
long device. 
The higher gain is a combination of higher doses producing a greater reduction in 
lifetime together with annealing to remove the defects from the modal region (similar 
to a shallow implant). 
This work has shown that utilising a silicon ion implanted device, it is possible to 
achieve simulated net Raman gain, either through shallow high dose silicon ion 
implantation or through thermal annealing of a non-optimal high dose and energy 
sample. 
U sing the current techniques of biasing p-n junctions and defect engmeenng to 
produce a Raman device, it appears that a Raman amplifier is more beneficial than a 
laser. There is a greater advantage in producing an optically pumped Raman amplifier 
than a laser. An amplifier can be used to boost a signal in a relatively long section of 
waveguide or to be used before or after an optical switch to produce zero loss 
switching. The technique of lifetime reduction using defect engineering could also be 
applied to other devices which require low carrier lifetimes such as modulators and 
detectors. 
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8. Future work 
Although this thesis reports a detailed investigation into free carrier lifetime 
modification, there are some areas that would benefit from further investigation. The 
main areas requiring further work are:-
• 
• 
• 
• 
• 
Investigating shallower, high dose silicon ion implantation. 
Investigating shallow amorphous damage implanted into the waveguide. 
Investigating amorphous waveguides. 
Investigating Iep etching to roughen the surface of the waveguide. 
The effect of annealing on oxide clad waveguides and air clad waveguides. 
As well as carrying out the above work, the main aim would be to fabricate a silicon 
ion implanted Raman amplifier using some of the already documented implant 
parameters. Simulations have shown that in a 4.8cm long, low loss waveguide, gain of 
the order of ~2.2dB and ~5.2dB can be achieved for an as-implanted and thennally 
treated sample respectively. 
8.1 Shallow, high dose silicon ion implantation 
From experimental results it was concluded that shallow, high dose silicon ion 
implantation would provide the most efficient trade-off between carrier lifetime and 
excess loss, therefore producing the highest net Raman gain. 
This theory should be investigated further with a matrix of energy and dose silicon ion 
implantation regimes. An initial study using doses of lxl013cm-::~, lxlO l4cm-2 and 
lxlO l5cm-2 with a reducing implantation energy starting at 400 keY for waveguide 
dimensions used in this study would provide good insight into the effect of shallow 
high dose st implantation on Raman gain and lifetime/loss trade-off. 
8.2 Shallow amorphous damage 
A spin-off of the above investigation would be an investigation of the effects of 
amorphizing a shallow region of the waveguide. This could be achieved using a high 
dose of silicon ions at -lxlO I6cm-2. The oxide should be removed from the waveguide 
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prior to implantation to allow a very shallow amorphous layer to be produced. The 
depth of the amorphous layer should be varied to investigate the effect of the trade-off 
between lifetime and loss and the impact on possible Raman gain. 
8.3 Amorphous waveguides 
Recently amorphous waveguides with propagation losses of ~ 1.35-2dB/cm have been 
fabricated [1, 2]. If these losses continue to fall then it is feasible that a Raman 
amplifier could be fabricated in an amorphous waveguide. It is thought that as the 
device is amorphous, then the intrinsic carrier lifetime may be small compared to a 
crystalline silicon waveguide. However losses of the order of O.5dB/cm would be 
required, depending on the intrinsic lifetime. 
8.4 RIE Etching 
Rather than implant silicon ions into a rib waveguide to cause damage and reduce the 
lifetime, it may be possible to perform a low power etch on already prefabricated 
waveguides using Argon for example. This would roughen the surface of the 
waveguide which should in tum reduce the carrier lifetime. However, the damage 
would be at the surface rather than in the waveguide itself, therefore keeping losses to 
a minimum. Windows could be exposed into resist to provide a method of measuring 
the effects on excess loss and free carrier lifetime. 
If successful this technique would allow lifetime modification to be achieved in a 
much simpler and less expensive commercial machine, rather than having to use an 
ion implanter. This would reduce the complexity and cost of the process and perhaps 
increase the robustness to thermal annealing. 
8.5 Annealing of waveguides with/without oxide 
It has been found that annealing a waveguide with a thermal and low temperature 
deposited oxide causes the intrinsic lifetime to vary with anneal temperature. The 
effects of annealing a waveguide with and without oxide should be investigated more 
extensively to see if similar results are present in other fabricated waveguide designs. 
If this is the case, then a study of annealing temperature on silicon and oxide clad 
waveguides should be undertaken. Different oxide deposition techniques should be 
investigated to see if this has an effect on intrinsic lifetime. For example the following 
oxide deposition techniques should be investigated with annealing temperature and 
compared to waveguides without oxide cladding:-
• Thermal oxide (wet and dry) 
• 
• 
• 
• 
Low temperature PECVD (TEOS) oxide 
LPCVD oxide ( silane) 
Spin-on oxide 
PECVD oxide (silane) 
8.6 Fabrication of a Raman amplifier 
The main aim of the future work is to produce an efficient working silicon ion 
implanted Raman amplifier. This should be possible if low loss waveguides can be 
fabricated and ion implantation regimes used in this study are followed. Simulated net 
gain of 2.2dB has been shown for an as-implanted device, rising to 5.2dB for a higher 
dose thermally tuned device. As long as the gain is higher than 0.065dB then this 
would produce the highest gain Raman amplifier to date using defect engineering as 
well as using silicon ion implantation, a CMOS compatible process. 
If a high gain silicon ion implanted Raman amplifier can be fabricated, then the 
possibility of a silicon ion implanted Raman laser should be investigated. For lasing 
low loss propagation is required due to the multiple passes the beam makes in the 
waveguide cavity. 
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